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A possible range of DM mass
extends over ~ O(10^90)
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ULDM
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BH



To maximize a discovery potential
we should utilize existing tools as much as possible
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ULDM BH

Colliders

Noble liquid detectors

Semiconductor devices

resonant cavities

NMR

Interferometry

atomic clocks

And many others …Astrophysical systems



We will focus on

Interstellar medium (ISM)

and discuss its potential for DM searches with an example of 

Primordial Black Holes



Interstellar medium is everything between stars

It includes gas, dust, and so on



PBH dark matter is a decaying dark matter

Particles from Hawking evaporation interact with ISM

and may heat the interstellar gas

Can excessive heating be constrained by ISM temperature measurement ?



cooling rate

heating rate

To see this we will consider

dE

dtdV
= H� C

<latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit>



[Green and Kavanagh 20]

allowed window
10�16M� – 10�12M�

<latexit sha1_base64="GNJUZMYJVvO4ybgpOoHKCA9lOOg="></latexit><latexit sha1_base64="GNJUZMYJVvO4ybgpOoHKCA9lOOg="></latexit><latexit sha1_base64="GNJUZMYJVvO4ybgpOoHKCA9lOOg="></latexit><latexit sha1_base64="GNJUZMYJVvO4ybgpOoHKCA9lOOg="></latexit><latexit sha1_base64="GNJUZMYJVvO4ybgpOoHKCA9lOOg="></latexit>

T ' 50 keV ⇥
✓
10�16M�
MBH

◆

<latexit sha1_base64="wPZazcs1Im6Ja2ahtmlQwad+vTE="></latexit><latexit sha1_base64="wPZazcs1Im6Ja2ahtmlQwad+vTE="></latexit><latexit sha1_base64="wPZazcs1Im6Ja2ahtmlQwad+vTE="></latexit><latexit sha1_base64="wPZazcs1Im6Ja2ahtmlQwad+vTE="></latexit><latexit sha1_base64="wPZazcs1Im6Ja2ahtmlQwad+vTE="></latexit>



What is ISM 
and how does it cool / heat ?



Phase of interstellar medium

[Ferriere 01]



[Credit: ESO]



[Credit: NASA, ESA and the Hubble Heritage Team (STScI/AURA)]



[HI4PI  Collaboration 16]



We will be interested in

[Ferriere 01]

Warm Neutral Medium (WNM)



We are interested in computing the gas cooling rate

dE

dtdV
= H� C

<latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit>

what contributes to it ?



Cooling is a physical process that extracts energy

from the system to environment

�
<latexit sha1_base64="1N7OLCa1ECOe6UtKEjW2C2a3M3w=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFVyURQd0V3bisYGyhCWUymbRDZ5IwMynWkG/Rrf6HK3Er+Bt+gdM0C9t64MLh3Nfh+AmjUlnWt1FZWV1b36hu1ra2d3b3zP2DBxmnAhMHxywWXR9JwmhEHEUVI91EEMR9Rjr+6Gba74yJkDSO7tUkIR5Hg4iGFCOlpb55lLnFkUyQIIfuAHGO8r5Zt5pWAbhM7JLUQYl23/xxgxinnEQKMyRlz7YS5WVIKIoZyWsNN5UkQXiEBqSnaYQ4kV5WfM5hQysBDGOhK1KwUGt/NjLEpZxwX09ypIZysTcV/+v1UhVeehmNklSRCM8ehSmDKobTLGBABcGKTTRBWFBtFuIhEggrndjcpWBME1m6fpzZ1iHZi5EsE+esedW0787rresyrSo4BifgFNjgArTALWgDB2DwBF7AK3gzno1348P4nI1WjHLnEMzB+PoFPtajRw==</latexit><latexit sha1_base64="1N7OLCa1ECOe6UtKEjW2C2a3M3w=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFVyURQd0V3bisYGyhCWUymbRDZ5IwMynWkG/Rrf6HK3Er+Bt+gdM0C9t64MLh3Nfh+AmjUlnWt1FZWV1b36hu1ra2d3b3zP2DBxmnAhMHxywWXR9JwmhEHEUVI91EEMR9Rjr+6Gba74yJkDSO7tUkIR5Hg4iGFCOlpb55lLnFkUyQIIfuAHGO8r5Zt5pWAbhM7JLUQYl23/xxgxinnEQKMyRlz7YS5WVIKIoZyWsNN5UkQXiEBqSnaYQ4kV5WfM5hQysBDGOhK1KwUGt/NjLEpZxwX09ypIZysTcV/+v1UhVeehmNklSRCM8ehSmDKobTLGBABcGKTTRBWFBtFuIhEggrndjcpWBME1m6fpzZ1iHZi5EsE+esedW0787rresyrSo4BifgFNjgArTALWgDB2DwBF7AK3gzno1348P4nI1WjHLnEMzB+PoFPtajRw==</latexit><latexit sha1_base64="1N7OLCa1ECOe6UtKEjW2C2a3M3w=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFVyURQd0V3bisYGyhCWUymbRDZ5IwMynWkG/Rrf6HK3Er+Bt+gdM0C9t64MLh3Nfh+AmjUlnWt1FZWV1b36hu1ra2d3b3zP2DBxmnAhMHxywWXR9JwmhEHEUVI91EEMR9Rjr+6Gba74yJkDSO7tUkIR5Hg4iGFCOlpb55lLnFkUyQIIfuAHGO8r5Zt5pWAbhM7JLUQYl23/xxgxinnEQKMyRlz7YS5WVIKIoZyWsNN5UkQXiEBqSnaYQ4kV5WfM5hQysBDGOhK1KwUGt/NjLEpZxwX09ypIZysTcV/+v1UhVeehmNklSRCM8ehSmDKobTLGBABcGKTTRBWFBtFuIhEggrndjcpWBME1m6fpzZ1iHZi5EsE+esedW0787rresyrSo4BifgFNjgArTALWgDB2DwBF7AK3gzno1348P4nI1WjHLnEMzB+PoFPtajRw==</latexit><latexit sha1_base64="1N7OLCa1ECOe6UtKEjW2C2a3M3w=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFVyURQd0V3bisYGyhCWUymbRDZ5IwMynWkG/Rrf6HK3Er+Bt+gdM0C9t64MLh3Nfh+AmjUlnWt1FZWV1b36hu1ra2d3b3zP2DBxmnAhMHxywWXR9JwmhEHEUVI91EEMR9Rjr+6Gba74yJkDSO7tUkIR5Hg4iGFCOlpb55lLnFkUyQIIfuAHGO8r5Zt5pWAbhM7JLUQYl23/xxgxinnEQKMyRlz7YS5WVIKIoZyWsNN5UkQXiEBqSnaYQ4kV5WfM5hQysBDGOhK1KwUGt/NjLEpZxwX09ypIZysTcV/+v1UhVeehmNklSRCM8ehSmDKobTLGBABcGKTTRBWFBtFuIhEggrndjcpWBME1m6fpzZ1iHZi5EsE+esedW0787rresyrSo4BifgFNjgArTALWgDB2DwBF7AK3gzno1348P4nI1WjHLnEMzB+PoFPtajRw==</latexit><latexit sha1_base64="1N7OLCa1ECOe6UtKEjW2C2a3M3w=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFVyURQd0V3bisYGyhCWUymbRDZ5IwMynWkG/Rrf6HK3Er+Bt+gdM0C9t64MLh3Nfh+AmjUlnWt1FZWV1b36hu1ra2d3b3zP2DBxmnAhMHxywWXR9JwmhEHEUVI91EEMR9Rjr+6Gba74yJkDSO7tUkIR5Hg4iGFCOlpb55lLnFkUyQIIfuAHGO8r5Zt5pWAbhM7JLUQYl23/xxgxinnEQKMyRlz7YS5WVIKIoZyWsNN5UkQXiEBqSnaYQ4kV5WfM5hQysBDGOhK1KwUGt/NjLEpZxwX09ypIZysTcV/+v1UhVeehmNklSRCM8ehSmDKobTLGBABcGKTTRBWFBtFuIhEggrndjcpWBME1m6fpzZ1iHZi5EsE+esedW0787rresyrSo4BifgFNjgArTALWgDB2DwBF7AK3gzno1348P4nI1WjHLnEMzB+PoFPtajRw==</latexit>

it takes place through the emission of photons



Photon emission happens through line emission

ground state

excited state

co
llis

ion
al 



ex
cit

ati
on

collisional excitation converts kinetic energy into internal energy

�
<latexit sha1_base64="bubVQzcaMPmy81LAe/aBACopCYI=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHfdrtQaXc3bZdINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6OmilNJqEtiHsu2D4pyFlFXM81pO5EUhM9pyx/eTv3WiErF4uhBjxPqCehHLGQEtJGa3T4IAb1yxa7ZM+BV4uSkgnI0euWfbhCTVNBIEw5KdRw70V4GUjPC6aRU7aaKJkCG0KcdQyMQVHnZLO4EV40S4DCW5kQaz9TSn40MhFJj4ZtJAXqglr2p+J/XSXV45WUsSlJNIzJ/KEw51jGe/h0HTFKi+dgQIJKZsJgMQALRpqGFm4IRS1Se+mke25TkLFeyStzz2nXNub+o1G/ytoroBJ2iM+SgS1RHd6iBXETQI3pBr+jNerberQ/rcz5asPKdY7QA6+sX/vGcxA==</latexit><latexit sha1_base64="bubVQzcaMPmy81LAe/aBACopCYI=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHfdrtQaXc3bZdINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6OmilNJqEtiHsu2D4pyFlFXM81pO5EUhM9pyx/eTv3WiErF4uhBjxPqCehHLGQEtJGa3T4IAb1yxa7ZM+BV4uSkgnI0euWfbhCTVNBIEw5KdRw70V4GUjPC6aRU7aaKJkCG0KcdQyMQVHnZLO4EV40S4DCW5kQaz9TSn40MhFJj4ZtJAXqglr2p+J/XSXV45WUsSlJNIzJ/KEw51jGe/h0HTFKi+dgQIJKZsJgMQALRpqGFm4IRS1Se+mke25TkLFeyStzz2nXNub+o1G/ytoroBJ2iM+SgS1RHd6iBXETQI3pBr+jNerberQ/rcz5asPKdY7QA6+sX/vGcxA==</latexit><latexit sha1_base64="bubVQzcaMPmy81LAe/aBACopCYI=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHfdrtQaXc3bZdINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6OmilNJqEtiHsu2D4pyFlFXM81pO5EUhM9pyx/eTv3WiErF4uhBjxPqCehHLGQEtJGa3T4IAb1yxa7ZM+BV4uSkgnI0euWfbhCTVNBIEw5KdRw70V4GUjPC6aRU7aaKJkCG0KcdQyMQVHnZLO4EV40S4DCW5kQaz9TSn40MhFJj4ZtJAXqglr2p+J/XSXV45WUsSlJNIzJ/KEw51jGe/h0HTFKi+dgQIJKZsJgMQALRpqGFm4IRS1Se+mke25TkLFeyStzz2nXNub+o1G/ytoroBJ2iM+SgS1RHd6iBXETQI3pBr+jNerberQ/rcz5asPKdY7QA6+sX/vGcxA==</latexit><latexit sha1_base64="bubVQzcaMPmy81LAe/aBACopCYI=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHfdrtQaXc3bZdINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6OmilNJqEtiHsu2D4pyFlFXM81pO5EUhM9pyx/eTv3WiErF4uhBjxPqCehHLGQEtJGa3T4IAb1yxa7ZM+BV4uSkgnI0euWfbhCTVNBIEw5KdRw70V4GUjPC6aRU7aaKJkCG0KcdQyMQVHnZLO4EV40S4DCW5kQaz9TSn40MhFJj4ZtJAXqglr2p+J/XSXV45WUsSlJNIzJ/KEw51jGe/h0HTFKi+dgQIJKZsJgMQALRpqGFm4IRS1Se+mke25TkLFeyStzz2nXNub+o1G/ytoroBJ2iM+SgS1RHd6iBXETQI3pBr+jNerberQ/rcz5asPKdY7QA6+sX/vGcxA==</latexit><latexit sha1_base64="bubVQzcaMPmy81LAe/aBACopCYI=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHfdrtQaXc3bZdINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6OmilNJqEtiHsu2D4pyFlFXM81pO5EUhM9pyx/eTv3WiErF4uhBjxPqCehHLGQEtJGa3T4IAb1yxa7ZM+BV4uSkgnI0euWfbhCTVNBIEw5KdRw70V4GUjPC6aRU7aaKJkCG0KcdQyMQVHnZLO4EV40S4DCW5kQaz9TSn40MhFJj4ZtJAXqglr2p+J/XSXV45WUsSlJNIzJ/KEw51jGe/h0HTFKi+dgQIJKZsJgMQALRpqGFm4IRS1Se+mke25TkLFeyStzz2nXNub+o1G/ytoroBJ2iM+SgS1RHd6iBXETQI3pBr+jNerberQ/rcz5asPKdY7QA6+sX/vGcxA==</latexit>

radiative decay

radiative decay converts internal energy to photon



For warm neutral medium

metal line emission (fine structure line emission)

 is dominant cooling mechanism



Let us take an example of [C II] 158 μm

2P1/2
<latexit sha1_base64="PMBCaDb58oTzh+7tNAKRabZHTcY=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJJ9wlJuqN6MUjJq5gYCXdboGGdnfTdolkw0voVd/Dk/HqI/gaPoEF9iDgJE0mM9/XTsePOVPatr+t3Mrq2vpGfrOwtb2zu1fcP7hXUSIJdUnEI9n0saKchdTVTHPajCXFwue04Q+uJ35jSKViUXinRzH1BO6FrMsI1kZ6eKzWO6lzWh13iiW7Yk+BlomTkRJkqHeKP+0gIomgoSYcK9Vy7Fh7KZaaEU7HhXI7UTTGZIB7tGVoiAVVXjpNPEZlowSoG0lzQo2mauHPRoqFUiPhm0mBdV8tehPxP6+V6O6Fl7IwTjQNyeyhbsKRjtDk+yhgkhLNR4ZgIpkJi0gfS0y0KWnupmDIYpWlfprFNiU5i5UsE7dauaw4t2el2lXWVh6O4BhOwIFzqMEN1MEFAgJe4BXerGfr3fqwPmejOSvbOYQ5WF+/IQCdTA==</latexit><latexit sha1_base64="PMBCaDb58oTzh+7tNAKRabZHTcY=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJJ9wlJuqN6MUjJq5gYCXdboGGdnfTdolkw0voVd/Dk/HqI/gaPoEF9iDgJE0mM9/XTsePOVPatr+t3Mrq2vpGfrOwtb2zu1fcP7hXUSIJdUnEI9n0saKchdTVTHPajCXFwue04Q+uJ35jSKViUXinRzH1BO6FrMsI1kZ6eKzWO6lzWh13iiW7Yk+BlomTkRJkqHeKP+0gIomgoSYcK9Vy7Fh7KZaaEU7HhXI7UTTGZIB7tGVoiAVVXjpNPEZlowSoG0lzQo2mauHPRoqFUiPhm0mBdV8tehPxP6+V6O6Fl7IwTjQNyeyhbsKRjtDk+yhgkhLNR4ZgIpkJi0gfS0y0KWnupmDIYpWlfprFNiU5i5UsE7dauaw4t2el2lXWVh6O4BhOwIFzqMEN1MEFAgJe4BXerGfr3fqwPmejOSvbOYQ5WF+/IQCdTA==</latexit><latexit sha1_base64="PMBCaDb58oTzh+7tNAKRabZHTcY=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJJ9wlJuqN6MUjJq5gYCXdboGGdnfTdolkw0voVd/Dk/HqI/gaPoEF9iDgJE0mM9/XTsePOVPatr+t3Mrq2vpGfrOwtb2zu1fcP7hXUSIJdUnEI9n0saKchdTVTHPajCXFwue04Q+uJ35jSKViUXinRzH1BO6FrMsI1kZ6eKzWO6lzWh13iiW7Yk+BlomTkRJkqHeKP+0gIomgoSYcK9Vy7Fh7KZaaEU7HhXI7UTTGZIB7tGVoiAVVXjpNPEZlowSoG0lzQo2mauHPRoqFUiPhm0mBdV8tehPxP6+V6O6Fl7IwTjQNyeyhbsKRjtDk+yhgkhLNR4ZgIpkJi0gfS0y0KWnupmDIYpWlfprFNiU5i5UsE7dauaw4t2el2lXWVh6O4BhOwIFzqMEN1MEFAgJe4BXerGfr3fqwPmejOSvbOYQ5WF+/IQCdTA==</latexit><latexit sha1_base64="PMBCaDb58oTzh+7tNAKRabZHTcY=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJJ9wlJuqN6MUjJq5gYCXdboGGdnfTdolkw0voVd/Dk/HqI/gaPoEF9iDgJE0mM9/XTsePOVPatr+t3Mrq2vpGfrOwtb2zu1fcP7hXUSIJdUnEI9n0saKchdTVTHPajCXFwue04Q+uJ35jSKViUXinRzH1BO6FrMsI1kZ6eKzWO6lzWh13iiW7Yk+BlomTkRJkqHeKP+0gIomgoSYcK9Vy7Fh7KZaaEU7HhXI7UTTGZIB7tGVoiAVVXjpNPEZlowSoG0lzQo2mauHPRoqFUiPhm0mBdV8tehPxP6+V6O6Fl7IwTjQNyeyhbsKRjtDk+yhgkhLNR4ZgIpkJi0gfS0y0KWnupmDIYpWlfprFNiU5i5UsE7dauaw4t2el2lXWVh6O4BhOwIFzqMEN1MEFAgJe4BXerGfr3fqwPmejOSvbOYQ5WF+/IQCdTA==</latexit><latexit sha1_base64="PMBCaDb58oTzh+7tNAKRabZHTcY=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJJ9wlJuqN6MUjJq5gYCXdboGGdnfTdolkw0voVd/Dk/HqI/gaPoEF9iDgJE0mM9/XTsePOVPatr+t3Mrq2vpGfrOwtb2zu1fcP7hXUSIJdUnEI9n0saKchdTVTHPajCXFwue04Q+uJ35jSKViUXinRzH1BO6FrMsI1kZ6eKzWO6lzWh13iiW7Yk+BlomTkRJkqHeKP+0gIomgoSYcK9Vy7Fh7KZaaEU7HhXI7UTTGZIB7tGVoiAVVXjpNPEZlowSoG0lzQo2mauHPRoqFUiPhm0mBdV8tehPxP6+V6O6Fl7IwTjQNyeyhbsKRjtDk+yhgkhLNR4ZgIpkJi0gfS0y0KWnupmDIYpWlfprFNiU5i5UsE7dauaw4t2el2lXWVh6O4BhOwIFzqMEN1MEFAgJe4BXerGfr3fqwPmejOSvbOYQ5WF+/IQCdTA==</latexit>

2P3/2
<latexit sha1_base64="rqomJY8ZyQYNuGHWoeyLSnHXKdI=">AAACD3icbVDNTgIxGPzWX8Q/1KOXRkLiCXfRRL0RvXjExBUMrKTbLdDQ7m7aLpFseAm96nt4Ml59BF/DJ7DAHgScpMlk5vva6fgxZ0rb9re1tLyyurae28hvbm3v7Bb29u9VlEhCXRLxSDZ8rChnIXU105w2Ykmx8Dmt+/3rsV8fUKlYFN7pYUw9gbsh6zCCtZEeHiu1dnp6Uhm1C0W7bE+AFomTkSJkqLULP60gIomgoSYcK9V07Fh7KZaaEU5H+VIrUTTGpI+7tGloiAVVXjpJPEIlowSoE0lzQo0mav7PRoqFUkPhm0mBdU/Ne2PxP6+Z6M6Fl7IwTjQNyfShTsKRjtD4+yhgkhLNh4ZgIpkJi0gPS0y0KWnmpmDAYpWlfprGNiU585UsErdSviw7t2fF6lXWVg4O4QiOwYFzqMIN1MAFAgJe4BXerGfr3fqwPqejS1a2cwAzsL5+ASRMnU4=</latexit><latexit sha1_base64="rqomJY8ZyQYNuGHWoeyLSnHXKdI=">AAACD3icbVDNTgIxGPzWX8Q/1KOXRkLiCXfRRL0RvXjExBUMrKTbLdDQ7m7aLpFseAm96nt4Ml59BF/DJ7DAHgScpMlk5vva6fgxZ0rb9re1tLyyurae28hvbm3v7Bb29u9VlEhCXRLxSDZ8rChnIXU105w2Ykmx8Dmt+/3rsV8fUKlYFN7pYUw9gbsh6zCCtZEeHiu1dnp6Uhm1C0W7bE+AFomTkSJkqLULP60gIomgoSYcK9V07Fh7KZaaEU5H+VIrUTTGpI+7tGloiAVVXjpJPEIlowSoE0lzQo0mav7PRoqFUkPhm0mBdU/Ne2PxP6+Z6M6Fl7IwTjQNyfShTsKRjtD4+yhgkhLNh4ZgIpkJi0gPS0y0KWnmpmDAYpWlfprGNiU585UsErdSviw7t2fF6lXWVg4O4QiOwYFzqMIN1MAFAgJe4BXerGfr3fqwPqejS1a2cwAzsL5+ASRMnU4=</latexit><latexit sha1_base64="rqomJY8ZyQYNuGHWoeyLSnHXKdI=">AAACD3icbVDNTgIxGPzWX8Q/1KOXRkLiCXfRRL0RvXjExBUMrKTbLdDQ7m7aLpFseAm96nt4Ml59BF/DJ7DAHgScpMlk5vva6fgxZ0rb9re1tLyyurae28hvbm3v7Bb29u9VlEhCXRLxSDZ8rChnIXU105w2Ykmx8Dmt+/3rsV8fUKlYFN7pYUw9gbsh6zCCtZEeHiu1dnp6Uhm1C0W7bE+AFomTkSJkqLULP60gIomgoSYcK9V07Fh7KZaaEU5H+VIrUTTGpI+7tGloiAVVXjpJPEIlowSoE0lzQo0mav7PRoqFUkPhm0mBdU/Ne2PxP6+Z6M6Fl7IwTjQNyfShTsKRjtD4+yhgkhLNh4ZgIpkJi0gPS0y0KWnmpmDAYpWlfprGNiU585UsErdSviw7t2fF6lXWVg4O4QiOwYFzqMIN1MAFAgJe4BXerGfr3fqwPqejS1a2cwAzsL5+ASRMnU4=</latexit><latexit sha1_base64="rqomJY8ZyQYNuGHWoeyLSnHXKdI=">AAACD3icbVDNTgIxGPzWX8Q/1KOXRkLiCXfRRL0RvXjExBUMrKTbLdDQ7m7aLpFseAm96nt4Ml59BF/DJ7DAHgScpMlk5vva6fgxZ0rb9re1tLyyurae28hvbm3v7Bb29u9VlEhCXRLxSDZ8rChnIXU105w2Ykmx8Dmt+/3rsV8fUKlYFN7pYUw9gbsh6zCCtZEeHiu1dnp6Uhm1C0W7bE+AFomTkSJkqLULP60gIomgoSYcK9V07Fh7KZaaEU5H+VIrUTTGpI+7tGloiAVVXjpJPEIlowSoE0lzQo0mav7PRoqFUkPhm0mBdU/Ne2PxP6+Z6M6Fl7IwTjQNyfShTsKRjtD4+yhgkhLNh4ZgIpkJi0gPS0y0KWnmpmDAYpWlfprGNiU585UsErdSviw7t2fF6lXWVg4O4QiOwYFzqMIN1MAFAgJe4BXerGfr3fqwPqejS1a2cwAzsL5+ASRMnU4=</latexit><latexit sha1_base64="rqomJY8ZyQYNuGHWoeyLSnHXKdI=">AAACD3icbVDNTgIxGPzWX8Q/1KOXRkLiCXfRRL0RvXjExBUMrKTbLdDQ7m7aLpFseAm96nt4Ml59BF/DJ7DAHgScpMlk5vva6fgxZ0rb9re1tLyyurae28hvbm3v7Bb29u9VlEhCXRLxSDZ8rChnIXU105w2Ykmx8Dmt+/3rsV8fUKlYFN7pYUw9gbsh6zCCtZEeHiu1dnp6Uhm1C0W7bE+AFomTkSJkqLULP60gIomgoSYcK9V07Fh7KZaaEU5H+VIrUTTGpI+7tGloiAVVXjpJPEIlowSoE0lzQo0mav7PRoqFUkPhm0mBdU/Ne2PxP6+Z6M6Fl7IwTjQNyfShTsKRjtD4+yhgkhLNh4ZgIpkJi0gPS0y0KWnmpmDAYpWlfprGNiU585UsErdSviw7t2fF6lXWVg4O4QiOwYFzqMIN1MAFAgJe4BXerGfr3fqwPqejS1a2cwAzsL5+ASRMnU4=</latexit>

! = 8⇥ 10�3 eV
<latexit sha1_base64="W9mpCHp1npzF7/AF0kYpckA3dhA=">AAACK3icbVDLTgIxFO3gC/GFunTTSEhcKJlRE3FhQnTjEhN5JAySTrlAQzszaTtEMuED/Bnd6n+40bj1B/wCC8xCwJM0OTn3dXq8kDOlbfvDSi0tr6yupdczG5tb2zvZ3b2qCiJJoUIDHsi6RxRw5kNFM82hHkogwuNQ8/o343ptAFKxwL/XwxCagnR91mGUaCO1sjk3ENAl+AoXXc0EKOzYD/HJ2Qi7x7ErBYbqyHTZBXsCvEichORQgnIr++O2AxoJ8DXlRKmGY4e6GROpGeUwyuTdSEFIaJ90oWGoT8zhZjz5zQjnjdLGnUCa52s8UTN/JmIilBoKz3QKontqvjYW/6s1It0pNmPmh5EGn04PdSKOdYDH0eA2k0A1HxpCqGTGLKY9IgnVJsCZTe0BC1Xi+nFq24TkzEeySCqnhcuCc3eeK10naaXRATpER8hBF6iEblEZVRBFT+gFvaI369l6tz6tr2lrykpm9tEMrO9fajOnPQ==</latexit><latexit sha1_base64="W9mpCHp1npzF7/AF0kYpckA3dhA=">AAACK3icbVDLTgIxFO3gC/GFunTTSEhcKJlRE3FhQnTjEhN5JAySTrlAQzszaTtEMuED/Bnd6n+40bj1B/wCC8xCwJM0OTn3dXq8kDOlbfvDSi0tr6yupdczG5tb2zvZ3b2qCiJJoUIDHsi6RxRw5kNFM82hHkogwuNQ8/o343ptAFKxwL/XwxCagnR91mGUaCO1sjk3ENAl+AoXXc0EKOzYD/HJ2Qi7x7ErBYbqyHTZBXsCvEichORQgnIr++O2AxoJ8DXlRKmGY4e6GROpGeUwyuTdSEFIaJ90oWGoT8zhZjz5zQjnjdLGnUCa52s8UTN/JmIilBoKz3QKontqvjYW/6s1It0pNmPmh5EGn04PdSKOdYDH0eA2k0A1HxpCqGTGLKY9IgnVJsCZTe0BC1Xi+nFq24TkzEeySCqnhcuCc3eeK10naaXRATpER8hBF6iEblEZVRBFT+gFvaI369l6tz6tr2lrykpm9tEMrO9fajOnPQ==</latexit><latexit sha1_base64="W9mpCHp1npzF7/AF0kYpckA3dhA=">AAACK3icbVDLTgIxFO3gC/GFunTTSEhcKJlRE3FhQnTjEhN5JAySTrlAQzszaTtEMuED/Bnd6n+40bj1B/wCC8xCwJM0OTn3dXq8kDOlbfvDSi0tr6yupdczG5tb2zvZ3b2qCiJJoUIDHsi6RxRw5kNFM82hHkogwuNQ8/o343ptAFKxwL/XwxCagnR91mGUaCO1sjk3ENAl+AoXXc0EKOzYD/HJ2Qi7x7ErBYbqyHTZBXsCvEichORQgnIr++O2AxoJ8DXlRKmGY4e6GROpGeUwyuTdSEFIaJ90oWGoT8zhZjz5zQjnjdLGnUCa52s8UTN/JmIilBoKz3QKontqvjYW/6s1It0pNmPmh5EGn04PdSKOdYDH0eA2k0A1HxpCqGTGLKY9IgnVJsCZTe0BC1Xi+nFq24TkzEeySCqnhcuCc3eeK10naaXRATpER8hBF6iEblEZVRBFT+gFvaI369l6tz6tr2lrykpm9tEMrO9fajOnPQ==</latexit><latexit sha1_base64="W9mpCHp1npzF7/AF0kYpckA3dhA=">AAACK3icbVDLTgIxFO3gC/GFunTTSEhcKJlRE3FhQnTjEhN5JAySTrlAQzszaTtEMuED/Bnd6n+40bj1B/wCC8xCwJM0OTn3dXq8kDOlbfvDSi0tr6yupdczG5tb2zvZ3b2qCiJJoUIDHsi6RxRw5kNFM82hHkogwuNQ8/o343ptAFKxwL/XwxCagnR91mGUaCO1sjk3ENAl+AoXXc0EKOzYD/HJ2Qi7x7ErBYbqyHTZBXsCvEichORQgnIr++O2AxoJ8DXlRKmGY4e6GROpGeUwyuTdSEFIaJ90oWGoT8zhZjz5zQjnjdLGnUCa52s8UTN/JmIilBoKz3QKontqvjYW/6s1It0pNmPmh5EGn04PdSKOdYDH0eA2k0A1HxpCqGTGLKY9IgnVJsCZTe0BC1Xi+nFq24TkzEeySCqnhcuCc3eeK10naaXRATpER8hBF6iEblEZVRBFT+gFvaI369l6tz6tr2lrykpm9tEMrO9fajOnPQ==</latexit><latexit sha1_base64="W9mpCHp1npzF7/AF0kYpckA3dhA=">AAACK3icbVDLTgIxFO3gC/GFunTTSEhcKJlRE3FhQnTjEhN5JAySTrlAQzszaTtEMuED/Bnd6n+40bj1B/wCC8xCwJM0OTn3dXq8kDOlbfvDSi0tr6yupdczG5tb2zvZ3b2qCiJJoUIDHsi6RxRw5kNFM82hHkogwuNQ8/o343ptAFKxwL/XwxCagnR91mGUaCO1sjk3ENAl+AoXXc0EKOzYD/HJ2Qi7x7ErBYbqyHTZBXsCvEichORQgnIr++O2AxoJ8DXlRKmGY4e6GROpGeUwyuTdSEFIaJ90oWGoT8zhZjz5zQjnjdLGnUCa52s8UTN/JmIilBoKz3QKontqvjYW/6s1It0pNmPmh5EGn04PdSKOdYDH0eA2k0A1HxpCqGTGLKY9IgnVJsCZTe0BC1Xi+nFq24TkzEeySCqnhcuCc3eeK10naaXRATpER8hBF6iEblEZVRBFT+gFvaI369l6tz6tr2lrykpm9tEMrO9fajOnPQ==</latexit>

� = 158µm
<latexit sha1_base64="Zoa/k+LD/cDRoyZFJ/EGLzj06F8=">AAACH3icbVBPS8MwHE3nvzn/VT148BIcA0+jFcV5EIZePE6wbrCWkabpFpa0JUmHo/TL6FW/hyfxuq/hJzDbenCbDwKP994v+eX5CaNSWdbEKK2tb2xulbcrO7t7+wfm4dGzjFOBiYNjFouOjyRhNCKOooqRTiII4j4jbX94P/XbIyIkjaMnNU6Ix1E/oiHFSGmpZ564TIcDBG+hfdVweZq5gkOe98yqVbdmgKvELkgVFGj1zB83iHHKSaQwQ1J2bStRXoaEopiRvFJzU0kShIeoT7qaRogT6WWzH+SwppUAhrHQJ1Jwplb+TGSISznmvk5ypAZy2ZuK/3ndVIUNL6NRkioS4flDYcqgiuG0DhhQQbBiY00QFlQvC/EACYSVLm3hpmBEE1ls/TJfW5dkL1eySpyL+k3dfrysNu+KtsrgFJyBc2CDa9AED6AFHIBBDt7AO/gwXo1P48v4nkdLRjFzDBZgTH4BMuOjFg==</latexit><latexit sha1_base64="Zoa/k+LD/cDRoyZFJ/EGLzj06F8=">AAACH3icbVBPS8MwHE3nvzn/VT148BIcA0+jFcV5EIZePE6wbrCWkabpFpa0JUmHo/TL6FW/hyfxuq/hJzDbenCbDwKP994v+eX5CaNSWdbEKK2tb2xulbcrO7t7+wfm4dGzjFOBiYNjFouOjyRhNCKOooqRTiII4j4jbX94P/XbIyIkjaMnNU6Ix1E/oiHFSGmpZ564TIcDBG+hfdVweZq5gkOe98yqVbdmgKvELkgVFGj1zB83iHHKSaQwQ1J2bStRXoaEopiRvFJzU0kShIeoT7qaRogT6WWzH+SwppUAhrHQJ1Jwplb+TGSISznmvk5ypAZy2ZuK/3ndVIUNL6NRkioS4flDYcqgiuG0DhhQQbBiY00QFlQvC/EACYSVLm3hpmBEE1ls/TJfW5dkL1eySpyL+k3dfrysNu+KtsrgFJyBc2CDa9AED6AFHIBBDt7AO/gwXo1P48v4nkdLRjFzDBZgTH4BMuOjFg==</latexit><latexit sha1_base64="Zoa/k+LD/cDRoyZFJ/EGLzj06F8=">AAACH3icbVBPS8MwHE3nvzn/VT148BIcA0+jFcV5EIZePE6wbrCWkabpFpa0JUmHo/TL6FW/hyfxuq/hJzDbenCbDwKP994v+eX5CaNSWdbEKK2tb2xulbcrO7t7+wfm4dGzjFOBiYNjFouOjyRhNCKOooqRTiII4j4jbX94P/XbIyIkjaMnNU6Ix1E/oiHFSGmpZ564TIcDBG+hfdVweZq5gkOe98yqVbdmgKvELkgVFGj1zB83iHHKSaQwQ1J2bStRXoaEopiRvFJzU0kShIeoT7qaRogT6WWzH+SwppUAhrHQJ1Jwplb+TGSISznmvk5ypAZy2ZuK/3ndVIUNL6NRkioS4flDYcqgiuG0DhhQQbBiY00QFlQvC/EACYSVLm3hpmBEE1ls/TJfW5dkL1eySpyL+k3dfrysNu+KtsrgFJyBc2CDa9AED6AFHIBBDt7AO/gwXo1P48v4nkdLRjFzDBZgTH4BMuOjFg==</latexit><latexit sha1_base64="Zoa/k+LD/cDRoyZFJ/EGLzj06F8=">AAACH3icbVBPS8MwHE3nvzn/VT148BIcA0+jFcV5EIZePE6wbrCWkabpFpa0JUmHo/TL6FW/hyfxuq/hJzDbenCbDwKP994v+eX5CaNSWdbEKK2tb2xulbcrO7t7+wfm4dGzjFOBiYNjFouOjyRhNCKOooqRTiII4j4jbX94P/XbIyIkjaMnNU6Ix1E/oiHFSGmpZ564TIcDBG+hfdVweZq5gkOe98yqVbdmgKvELkgVFGj1zB83iHHKSaQwQ1J2bStRXoaEopiRvFJzU0kShIeoT7qaRogT6WWzH+SwppUAhrHQJ1Jwplb+TGSISznmvk5ypAZy2ZuK/3ndVIUNL6NRkioS4flDYcqgiuG0DhhQQbBiY00QFlQvC/EACYSVLm3hpmBEE1ls/TJfW5dkL1eySpyL+k3dfrysNu+KtsrgFJyBc2CDa9AED6AFHIBBDt7AO/gwXo1P48v4nkdLRjFzDBZgTH4BMuOjFg==</latexit><latexit sha1_base64="Zoa/k+LD/cDRoyZFJ/EGLzj06F8=">AAACH3icbVBPS8MwHE3nvzn/VT148BIcA0+jFcV5EIZePE6wbrCWkabpFpa0JUmHo/TL6FW/hyfxuq/hJzDbenCbDwKP994v+eX5CaNSWdbEKK2tb2xulbcrO7t7+wfm4dGzjFOBiYNjFouOjyRhNCKOooqRTiII4j4jbX94P/XbIyIkjaMnNU6Ix1E/oiHFSGmpZ564TIcDBG+hfdVweZq5gkOe98yqVbdmgKvELkgVFGj1zB83iHHKSaQwQ1J2bStRXoaEopiRvFJzU0kShIeoT7qaRogT6WWzH+SwppUAhrHQJ1Jwplb+TGSISznmvk5ypAZy2ZuK/3ndVIUNL6NRkioS4flDYcqgiuG0DhhQQbBiY00QFlQvC/EACYSVLm3hpmBEE1ls/TJfW5dkL1eySpyL+k3dfrysNu+KtsrgFJyBc2CDa9AED6AFHIBBDt7AO/gwXo1P48v4nkdLRjFzDBZgTH4BMuOjFg==</latexit>

C+
<latexit sha1_base64="hxbXfJZHoZuWn+1u+L7+VDIvPSE=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJiQnZNSbqjcjFIyauYGAl3W6BhnZ303aJZMNL6FXfw5Px6iP4Gj6BBfYg4CRNJjPf107HjzlT2ra/rdzK6tr6Rn6zsLW9s7tX3D+4V1EiCXVJxCPZ9LGinIXU1Uxz2owlxcLntOEPahO/MaRSsSi806OYegL3QtZlBGsjPaRtKVBt/HjaKZbsij0FWiZORkqQod4p/rSDiCSChppwrFTLsWPtpVhqRjgdF8rtRNEYkwHu0ZahIRZUeek08RiVjRKgbiTNCTWaqoU/GykWSo2EbyYF1n216E3E/7xWoruXXsrCONE0JLOHuglHOkKT76OASUo0HxmCiWQmLCJ9LDHRpqS5m4Ihi1WW+mkW25TkLFayTNyzylXFuT0vVa+ztvJwBMdwAg5cQBVuoA4uEBDwAq/wZj1b79aH9TkbzVnZziHMwfr6BbB0naI=</latexit><latexit sha1_base64="hxbXfJZHoZuWn+1u+L7+VDIvPSE=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJiQnZNSbqjcjFIyauYGAl3W6BhnZ303aJZMNL6FXfw5Px6iP4Gj6BBfYg4CRNJjPf107HjzlT2ra/rdzK6tr6Rn6zsLW9s7tX3D+4V1EiCXVJxCPZ9LGinIXU1Uxz2owlxcLntOEPahO/MaRSsSi806OYegL3QtZlBGsjPaRtKVBt/HjaKZbsij0FWiZORkqQod4p/rSDiCSChppwrFTLsWPtpVhqRjgdF8rtRNEYkwHu0ZahIRZUeek08RiVjRKgbiTNCTWaqoU/GykWSo2EbyYF1n216E3E/7xWoruXXsrCONE0JLOHuglHOkKT76OASUo0HxmCiWQmLCJ9LDHRpqS5m4Ihi1WW+mkW25TkLFayTNyzylXFuT0vVa+ztvJwBMdwAg5cQBVuoA4uEBDwAq/wZj1b79aH9TkbzVnZziHMwfr6BbB0naI=</latexit><latexit sha1_base64="hxbXfJZHoZuWn+1u+L7+VDIvPSE=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJiQnZNSbqjcjFIyauYGAl3W6BhnZ303aJZMNL6FXfw5Px6iP4Gj6BBfYg4CRNJjPf107HjzlT2ra/rdzK6tr6Rn6zsLW9s7tX3D+4V1EiCXVJxCPZ9LGinIXU1Uxz2owlxcLntOEPahO/MaRSsSi806OYegL3QtZlBGsjPaRtKVBt/HjaKZbsij0FWiZORkqQod4p/rSDiCSChppwrFTLsWPtpVhqRjgdF8rtRNEYkwHu0ZahIRZUeek08RiVjRKgbiTNCTWaqoU/GykWSo2EbyYF1n216E3E/7xWoruXXsrCONE0JLOHuglHOkKT76OASUo0HxmCiWQmLCJ9LDHRpqS5m4Ihi1WW+mkW25TkLFayTNyzylXFuT0vVa+ztvJwBMdwAg5cQBVuoA4uEBDwAq/wZj1b79aH9TkbzVnZziHMwfr6BbB0naI=</latexit><latexit sha1_base64="hxbXfJZHoZuWn+1u+L7+VDIvPSE=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJiQnZNSbqjcjFIyauYGAl3W6BhnZ303aJZMNL6FXfw5Px6iP4Gj6BBfYg4CRNJjPf107HjzlT2ra/rdzK6tr6Rn6zsLW9s7tX3D+4V1EiCXVJxCPZ9LGinIXU1Uxz2owlxcLntOEPahO/MaRSsSi806OYegL3QtZlBGsjPaRtKVBt/HjaKZbsij0FWiZORkqQod4p/rSDiCSChppwrFTLsWPtpVhqRjgdF8rtRNEYkwHu0ZahIRZUeek08RiVjRKgbiTNCTWaqoU/GykWSo2EbyYF1n216E3E/7xWoruXXsrCONE0JLOHuglHOkKT76OASUo0HxmCiWQmLCJ9LDHRpqS5m4Ihi1WW+mkW25TkLFayTNyzylXFuT0vVa+ztvJwBMdwAg5cQBVuoA4uEBDwAq/wZj1b79aH9TkbzVnZziHMwfr6BbB0naI=</latexit><latexit sha1_base64="hxbXfJZHoZuWn+1u+L7+VDIvPSE=">AAACD3icbVDNTgIxGPwW/xD/UI9eGgmJiQnZNSbqjcjFIyauYGAl3W6BhnZ303aJZMNL6FXfw5Px6iP4Gj6BBfYg4CRNJjPf107HjzlT2ra/rdzK6tr6Rn6zsLW9s7tX3D+4V1EiCXVJxCPZ9LGinIXU1Uxz2owlxcLntOEPahO/MaRSsSi806OYegL3QtZlBGsjPaRtKVBt/HjaKZbsij0FWiZORkqQod4p/rSDiCSChppwrFTLsWPtpVhqRjgdF8rtRNEYkwHu0ZahIRZUeek08RiVjRKgbiTNCTWaqoU/GykWSo2EbyYF1n216E3E/7xWoruXXsrCONE0JLOHuglHOkKT76OASUo0HxmCiWQmLCJ9LDHRpqS5m4Ihi1WW+mkW25TkLFayTNyzylXFuT0vVa+ztvJwBMdwAg5cQBVuoA4uEBDwAq/wZj1b79aH9TkbzVnZziHMwfr6BbB0naI=</latexit>



The energy loss is

density of excited state (1/cm^3)n1
<latexit sha1_base64="4ZvZldvN2d5bt3qA30XVptb/Vt8=">AAACCXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHjK6QwIZ0u11o6HY3bZdINryBXvU9PBmvPoWv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6NHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFosHPU6oF+G+YCEjWBvpXvScXrli1+wZ0CpxclKBHM1e+acbxCSNqNCEY6U6jp1oL8NSM8LppFTtpoommAxxn3YMFTiiystmWSeoapQAhbE0R2g0U0t/NjIcKTWOfDMZYT1Qy95U/M/rpDq89DImklRTQeYPhSlHOkbTj6OASUo0HxuCiWQmLCIDLDHRpp6Fm4IRS1Se+mke25TkLFeyStzz2lXNubuoNK7ztopwAqdwBg7UoQG30AQXCPThBV7hzXq23q0P63M+WrDynWNYgPX1C0lem0U=</latexit><latexit sha1_base64="4ZvZldvN2d5bt3qA30XVptb/Vt8=">AAACCXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHjK6QwIZ0u11o6HY3bZdINryBXvU9PBmvPoWv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6NHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFosHPU6oF+G+YCEjWBvpXvScXrli1+wZ0CpxclKBHM1e+acbxCSNqNCEY6U6jp1oL8NSM8LppFTtpoommAxxn3YMFTiiystmWSeoapQAhbE0R2g0U0t/NjIcKTWOfDMZYT1Qy95U/M/rpDq89DImklRTQeYPhSlHOkbTj6OASUo0HxuCiWQmLCIDLDHRpp6Fm4IRS1Se+mke25TkLFeyStzz2lXNubuoNK7ztopwAqdwBg7UoQG30AQXCPThBV7hzXq23q0P63M+WrDynWNYgPX1C0lem0U=</latexit><latexit sha1_base64="4ZvZldvN2d5bt3qA30XVptb/Vt8=">AAACCXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHjK6QwIZ0u11o6HY3bZdINryBXvU9PBmvPoWv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6NHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFosHPU6oF+G+YCEjWBvpXvScXrli1+wZ0CpxclKBHM1e+acbxCSNqNCEY6U6jp1oL8NSM8LppFTtpoommAxxn3YMFTiiystmWSeoapQAhbE0R2g0U0t/NjIcKTWOfDMZYT1Qy95U/M/rpDq89DImklRTQeYPhSlHOkbTj6OASUo0HxuCiWQmLCIDLDHRpp6Fm4IRS1Se+mke25TkLFeyStzz2lXNubuoNK7ztopwAqdwBg7UoQG30AQXCPThBV7hzXq23q0P63M+WrDynWNYgPX1C0lem0U=</latexit><latexit sha1_base64="4ZvZldvN2d5bt3qA30XVptb/Vt8=">AAACCXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHjK6QwIZ0u11o6HY3bZdINryBXvU9PBmvPoWv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6NHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFosHPU6oF+G+YCEjWBvpXvScXrli1+wZ0CpxclKBHM1e+acbxCSNqNCEY6U6jp1oL8NSM8LppFTtpoommAxxn3YMFTiiystmWSeoapQAhbE0R2g0U0t/NjIcKTWOfDMZYT1Qy95U/M/rpDq89DImklRTQeYPhSlHOkbTj6OASUo0HxuCiWQmLCIDLDHRpp6Fm4IRS1Se+mke25TkLFeyStzz2lXNubuoNK7ztopwAqdwBg7UoQG30AQXCPThBV7hzXq23q0P63M+WrDynWNYgPX1C0lem0U=</latexit><latexit sha1_base64="4ZvZldvN2d5bt3qA30XVptb/Vt8=">AAACCXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHjK6QwIZ0u11o6HY3bZdINryBXvU9PBmvPoWv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6NHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFosHPU6oF+G+YCEjWBvpXvScXrli1+wZ0CpxclKBHM1e+acbxCSNqNCEY6U6jp1oL8NSM8LppFTtpoommAxxn3YMFTiiystmWSeoapQAhbE0R2g0U0t/NjIcKTWOfDMZYT1Qy95U/M/rpDq89DImklRTQeYPhSlHOkbTj6OASUo0HxuCiWQmLCIDLDHRpp6Fm4IRS1Se+mke25TkLFeyStzz2lXNubuoNK7ztopwAqdwBg7UoQG30AQXCPThBV7hzXq23q0P63M+WrDynWNYgPX1C0lem0U=</latexit>

spontaneous decay rate (1/sec)A10
<latexit sha1_base64="oBUVYra1GUZYXcnFBk1DLdB2jiA=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/WGevGIiQsksCHdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTvzmkErFYvGgRwn1ItwTLGQEayM1rruZY4+7pbJdtadAy8TJSRly1Luln04QkzSiQhOOlWo7dqK9DEvNCKfjYqWTKppgMsA92jZU4IgqL5vGHaOKUQIUxtIcodFULf7ZyHCk1CjyzWSEdV8tehPxP6+d6vDSy5hIUk0FmT0UphzpGE3+jgImKdF8ZAgmkpmwiPSxxESbhuZuCoYsUXnqp1lsU5KzWMkycc+qV1Xn/rxcu8nbKsAxnMApOHABNbiDOrhA4BFe4BXerGfr3fqwPmejK1a+cwRzsL5+AVbxnF4=</latexit><latexit sha1_base64="oBUVYra1GUZYXcnFBk1DLdB2jiA=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/WGevGIiQsksCHdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTvzmkErFYvGgRwn1ItwTLGQEayM1rruZY4+7pbJdtadAy8TJSRly1Luln04QkzSiQhOOlWo7dqK9DEvNCKfjYqWTKppgMsA92jZU4IgqL5vGHaOKUQIUxtIcodFULf7ZyHCk1CjyzWSEdV8tehPxP6+d6vDSy5hIUk0FmT0UphzpGE3+jgImKdF8ZAgmkpmwiPSxxESbhuZuCoYsUXnqp1lsU5KzWMkycc+qV1Xn/rxcu8nbKsAxnMApOHABNbiDOrhA4BFe4BXerGfr3fqwPmejK1a+cwRzsL5+AVbxnF4=</latexit><latexit sha1_base64="oBUVYra1GUZYXcnFBk1DLdB2jiA=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/WGevGIiQsksCHdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTvzmkErFYvGgRwn1ItwTLGQEayM1rruZY4+7pbJdtadAy8TJSRly1Luln04QkzSiQhOOlWo7dqK9DEvNCKfjYqWTKppgMsA92jZU4IgqL5vGHaOKUQIUxtIcodFULf7ZyHCk1CjyzWSEdV8tehPxP6+d6vDSy5hIUk0FmT0UphzpGE3+jgImKdF8ZAgmkpmwiPSxxESbhuZuCoYsUXnqp1lsU5KzWMkycc+qV1Xn/rxcu8nbKsAxnMApOHABNbiDOrhA4BFe4BXerGfr3fqwPmejK1a+cwRzsL5+AVbxnF4=</latexit><latexit sha1_base64="oBUVYra1GUZYXcnFBk1DLdB2jiA=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/WGevGIiQsksCHdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTvzmkErFYvGgRwn1ItwTLGQEayM1rruZY4+7pbJdtadAy8TJSRly1Luln04QkzSiQhOOlWo7dqK9DEvNCKfjYqWTKppgMsA92jZU4IgqL5vGHaOKUQIUxtIcodFULf7ZyHCk1CjyzWSEdV8tehPxP6+d6vDSy5hIUk0FmT0UphzpGE3+jgImKdF8ZAgmkpmwiPSxxESbhuZuCoYsUXnqp1lsU5KzWMkycc+qV1Xn/rxcu8nbKsAxnMApOHABNbiDOrhA4BFe4BXerGfr3fqwPmejK1a+cwRzsL5+AVbxnF4=</latexit><latexit sha1_base64="oBUVYra1GUZYXcnFBk1DLdB2jiA=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/WGevGIiQsksCHdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTvzmkErFYvGgRwn1ItwTLGQEayM1rruZY4+7pbJdtadAy8TJSRly1Luln04QkzSiQhOOlWo7dqK9DEvNCKfjYqWTKppgMsA92jZU4IgqL5vGHaOKUQIUxtIcodFULf7ZyHCk1CjyzWSEdV8tehPxP6+d6vDSy5hIUk0FmT0UphzpGE3+jgImKdF8ZAgmkpmwiPSxxESbhuZuCoYsUXnqp1lsU5KzWMkycc+qV1Xn/rxcu8nbKsAxnMApOHABNbiDOrhA4BFe4BXerGfr3fqwPmejK1a+cwRzsL5+AVbxnF4=</latexit>

transition frequency (eV)!10
<latexit sha1_base64="6kEEy/NZRlWU9RD2FzsWVdIzVfM=">AAACEXicbVDLSgMxFM3UV62vqks3wVJwVWZEUHdFNy4rOLYwHUomk2lD8xiSTLEM/Qvd6n+4Erd+gb/hF5i2s7CtBwKHc+69OZwoZVQb1/12SmvrG5tb5e3Kzu7e/kH18OhRy0xh4mPJpOpESBNGBfENNYx0UkUQjxhpR8Pbqd8eEaWpFA9mnJKQo76gCcXIWCnoSk76qJd77qRXrbkNdwa4SryC1ECBVq/6040lzjgRBjOkdeC5qQlzpAzFjEwq9W6mSYrwEPVJYKlAnOgwn2WewLpVYphIZZ8wcKZW/mzkiGs95pGd5MgM9LI3Ff/zgswkV2FORZoZIvD8oyRj0Eg4LQDGVBFs2NgShBW1YSEeIIWwsTUtXIpHNNVF6qd5bFuSt1zJKvHPG9cN7/6i1rwp2iqDE3AKzoAHLkET3IEW8AEGEryAV/DmPDvvzofzOR8tOcXOMViA8/ULoiKetA==</latexit><latexit sha1_base64="6kEEy/NZRlWU9RD2FzsWVdIzVfM=">AAACEXicbVDLSgMxFM3UV62vqks3wVJwVWZEUHdFNy4rOLYwHUomk2lD8xiSTLEM/Qvd6n+4Erd+gb/hF5i2s7CtBwKHc+69OZwoZVQb1/12SmvrG5tb5e3Kzu7e/kH18OhRy0xh4mPJpOpESBNGBfENNYx0UkUQjxhpR8Pbqd8eEaWpFA9mnJKQo76gCcXIWCnoSk76qJd77qRXrbkNdwa4SryC1ECBVq/6040lzjgRBjOkdeC5qQlzpAzFjEwq9W6mSYrwEPVJYKlAnOgwn2WewLpVYphIZZ8wcKZW/mzkiGs95pGd5MgM9LI3Ff/zgswkV2FORZoZIvD8oyRj0Eg4LQDGVBFs2NgShBW1YSEeIIWwsTUtXIpHNNVF6qd5bFuSt1zJKvHPG9cN7/6i1rwp2iqDE3AKzoAHLkET3IEW8AEGEryAV/DmPDvvzofzOR8tOcXOMViA8/ULoiKetA==</latexit><latexit sha1_base64="6kEEy/NZRlWU9RD2FzsWVdIzVfM=">AAACEXicbVDLSgMxFM3UV62vqks3wVJwVWZEUHdFNy4rOLYwHUomk2lD8xiSTLEM/Qvd6n+4Erd+gb/hF5i2s7CtBwKHc+69OZwoZVQb1/12SmvrG5tb5e3Kzu7e/kH18OhRy0xh4mPJpOpESBNGBfENNYx0UkUQjxhpR8Pbqd8eEaWpFA9mnJKQo76gCcXIWCnoSk76qJd77qRXrbkNdwa4SryC1ECBVq/6040lzjgRBjOkdeC5qQlzpAzFjEwq9W6mSYrwEPVJYKlAnOgwn2WewLpVYphIZZ8wcKZW/mzkiGs95pGd5MgM9LI3Ff/zgswkV2FORZoZIvD8oyRj0Eg4LQDGVBFs2NgShBW1YSEeIIWwsTUtXIpHNNVF6qd5bFuSt1zJKvHPG9cN7/6i1rwp2iqDE3AKzoAHLkET3IEW8AEGEryAV/DmPDvvzofzOR8tOcXOMViA8/ULoiKetA==</latexit><latexit sha1_base64="6kEEy/NZRlWU9RD2FzsWVdIzVfM=">AAACEXicbVDLSgMxFM3UV62vqks3wVJwVWZEUHdFNy4rOLYwHUomk2lD8xiSTLEM/Qvd6n+4Erd+gb/hF5i2s7CtBwKHc+69OZwoZVQb1/12SmvrG5tb5e3Kzu7e/kH18OhRy0xh4mPJpOpESBNGBfENNYx0UkUQjxhpR8Pbqd8eEaWpFA9mnJKQo76gCcXIWCnoSk76qJd77qRXrbkNdwa4SryC1ECBVq/6040lzjgRBjOkdeC5qQlzpAzFjEwq9W6mSYrwEPVJYKlAnOgwn2WewLpVYphIZZ8wcKZW/mzkiGs95pGd5MgM9LI3Ff/zgswkV2FORZoZIvD8oyRj0Eg4LQDGVBFs2NgShBW1YSEeIIWwsTUtXIpHNNVF6qd5bFuSt1zJKvHPG9cN7/6i1rwp2iqDE3AKzoAHLkET3IEW8AEGEryAV/DmPDvvzofzOR8tOcXOMViA8/ULoiKetA==</latexit><latexit sha1_base64="6kEEy/NZRlWU9RD2FzsWVdIzVfM=">AAACEXicbVDLSgMxFM3UV62vqks3wVJwVWZEUHdFNy4rOLYwHUomk2lD8xiSTLEM/Qvd6n+4Erd+gb/hF5i2s7CtBwKHc+69OZwoZVQb1/12SmvrG5tb5e3Kzu7e/kH18OhRy0xh4mPJpOpESBNGBfENNYx0UkUQjxhpR8Pbqd8eEaWpFA9mnJKQo76gCcXIWCnoSk76qJd77qRXrbkNdwa4SryC1ECBVq/6040lzjgRBjOkdeC5qQlzpAzFjEwq9W6mSYrwEPVJYKlAnOgwn2WewLpVYphIZZ8wcKZW/mzkiGs95pGd5MgM9LI3Ff/zgswkV2FORZoZIvD8oyRj0Eg4LQDGVBFs2NgShBW1YSEeIIWwsTUtXIpHNNVF6qd5bFuSt1zJKvHPG9cN7/6i1rwp2iqDE3AKzoAHLkET3IEW8AEGEryAV/DmPDvvzofzOR8tOcXOMViA8/ULoiKetA==</latexit>

✓
dE

dV dt

◆

loss

= C = n1A10!10
<latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit><latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit><latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit><latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit><latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit>



✓
dE

dV dt

◆

loss

= n1A10!10
<latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit>

radiative decay rate (A10) and frequency (w10) are well-known



the excited population can be obtained by solving

dn0

dt
= n1

h
A10 + nc(�v)1!0

i
� n0nc(�v)0!1 = 0

<latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit><latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit><latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit><latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit><latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit>

✓
dE

dV dt

◆

loss

= n1A10!10
<latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit>

radiative decay

collisional de-excitation

collisional excitation

nc : density of colliding partner
<latexit sha1_base64="YGLXRshHmiV2A7yIgp2lmjkcfEs="></latexit><latexit sha1_base64="YGLXRshHmiV2A7yIgp2lmjkcfEs="></latexit><latexit sha1_base64="YGLXRshHmiV2A7yIgp2lmjkcfEs="></latexit><latexit sha1_base64="YGLXRshHmiV2A7yIgp2lmjkcfEs="></latexit><latexit sha1_base64="YGLXRshHmiV2A7yIgp2lmjkcfEs="></latexit>



the excited population can be obtained by solving

dn0

dt
= n1

h
A10 + nc(�v)1!0

i
� n0nc(�v)0!1 = 0

<latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit><latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit><latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit><latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit><latexit sha1_base64="SIwxh8cbtLx+Px4pkTy/I4UPQtE="></latexit>

n1

n0
=

nc(�v)0!1

A10 + nc(�v)1!0
<latexit sha1_base64="ImTumL4xsnrM8nDJf4TSsU3hgUQ="></latexit><latexit sha1_base64="ImTumL4xsnrM8nDJf4TSsU3hgUQ="></latexit><latexit sha1_base64="ImTumL4xsnrM8nDJf4TSsU3hgUQ="></latexit><latexit sha1_base64="ImTumL4xsnrM8nDJf4TSsU3hgUQ="></latexit><latexit sha1_base64="ImTumL4xsnrM8nDJf4TSsU3hgUQ="></latexit>

✓
dE

dV dt

◆

loss

= n1A10!10
<latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit><latexit sha1_base64="fAiCWz9VERsU+lDoB1BYDKaKkv8="></latexit>

' nc(�v)0!1

A10
<latexit sha1_base64="//FzaVpmS2xfkHSPvTHRy+5GnAg="></latexit><latexit sha1_base64="//FzaVpmS2xfkHSPvTHRy+5GnAg="></latexit><latexit sha1_base64="//FzaVpmS2xfkHSPvTHRy+5GnAg="></latexit><latexit sha1_base64="//FzaVpmS2xfkHSPvTHRy+5GnAg="></latexit><latexit sha1_base64="//FzaVpmS2xfkHSPvTHRy+5GnAg="></latexit>



collisional excitation rate

⇡ n0nc(�v)0!1!10
<latexit sha1_base64="3ORB4IEW3QDmyeImAxbMn8KlMQo="></latexit><latexit sha1_base64="3ORB4IEW3QDmyeImAxbMn8KlMQo="></latexit><latexit sha1_base64="3ORB4IEW3QDmyeImAxbMn8KlMQo="></latexit><latexit sha1_base64="3ORB4IEW3QDmyeImAxbMn8KlMQo="></latexit><latexit sha1_base64="3ORB4IEW3QDmyeImAxbMn8KlMQo="></latexit>

✓
dE

dV dt

◆

loss

= C = n1A10!10
<latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit><latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit><latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit><latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit><latexit sha1_base64="MMiTpT1CK2OQRxdFluTQu8v5f6k="></latexit>



For [C II] 158 μm

✓
dE

dV dt

◆

loss

' n0nc(�v)0!1!10
<latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit>

!10 = 8⇥ 10�3 eV
<latexit sha1_base64="/z8VgDjDlqFsHFiEzMfD7eDigDU="></latexit><latexit sha1_base64="/z8VgDjDlqFsHFiEzMfD7eDigDU="></latexit><latexit sha1_base64="/z8VgDjDlqFsHFiEzMfD7eDigDU="></latexit><latexit sha1_base64="/z8VgDjDlqFsHFiEzMfD7eDigDU="></latexit><latexit sha1_base64="/z8VgDjDlqFsHFiEzMfD7eDigDU="></latexit>

(�v)0!1 ⇠ 10�9 cm3/sec
<latexit sha1_base64="molyXw/MFXmTGZdUWByXk2koue8="></latexit><latexit sha1_base64="molyXw/MFXmTGZdUWByXk2koue8="></latexit><latexit sha1_base64="molyXw/MFXmTGZdUWByXk2koue8="></latexit><latexit sha1_base64="molyXw/MFXmTGZdUWByXk2koue8="></latexit><latexit sha1_base64="molyXw/MFXmTGZdUWByXk2koue8="></latexit>

nH ⇠ 1 cm�3
<latexit sha1_base64="JoXHerrVvNLXmgtu0kmf0PeoI5A=">AAACJHicbVDNTgIxGOziH+If6lEPjYTEg5JdNVFvRC8cMREhYddNtxRoaLubtkskm734MnrV9/BkPHjxIXwCC+xB0EmaTGa+r51OEDGqtG1/WrmFxaXllfxqYW19Y3OruL1zp8JYYtLAIQtlK0CKMCpIQ1PNSCuSBPGAkWYwuB77zSGRiobiVo8i4nHUE7RLMdJG8ov7wk9qKXQV5dCB7lHiSg4xv0+OT9PUL5bsij0B/EucjJRAhrpf/HY7IY45ERozpFTbsSPtJUhqihlJC2U3ViRCeIB6pG2oQJwoL5l8I4Vlo3RgN5TmCA0nauHXRoK4UiMemEmOdF/Ne2PxP68d6+6Fl1ARxZoIPH2oGzOoQzjuBHaoJFizkSEIS2rCQtxHEmFtmpu5qTOkkcpSP0xjm5Kc+Ur+ksZJ5bLi3JyVqldZW3mwBw7AIXDAOaiCGqiDBsDgETyDF/BqPVlv1rv1MR3NWdnOLpiB9fUDD8GlFg==</latexit><latexit sha1_base64="JoXHerrVvNLXmgtu0kmf0PeoI5A=">AAACJHicbVDNTgIxGOziH+If6lEPjYTEg5JdNVFvRC8cMREhYddNtxRoaLubtkskm734MnrV9/BkPHjxIXwCC+xB0EmaTGa+r51OEDGqtG1/WrmFxaXllfxqYW19Y3OruL1zp8JYYtLAIQtlK0CKMCpIQ1PNSCuSBPGAkWYwuB77zSGRiobiVo8i4nHUE7RLMdJG8ov7wk9qKXQV5dCB7lHiSg4xv0+OT9PUL5bsij0B/EucjJRAhrpf/HY7IY45ERozpFTbsSPtJUhqihlJC2U3ViRCeIB6pG2oQJwoL5l8I4Vlo3RgN5TmCA0nauHXRoK4UiMemEmOdF/Ne2PxP68d6+6Fl1ARxZoIPH2oGzOoQzjuBHaoJFizkSEIS2rCQtxHEmFtmpu5qTOkkcpSP0xjm5Kc+Ur+ksZJ5bLi3JyVqldZW3mwBw7AIXDAOaiCGqiDBsDgETyDF/BqPVlv1rv1MR3NWdnOLpiB9fUDD8GlFg==</latexit><latexit sha1_base64="JoXHerrVvNLXmgtu0kmf0PeoI5A=">AAACJHicbVDNTgIxGOziH+If6lEPjYTEg5JdNVFvRC8cMREhYddNtxRoaLubtkskm734MnrV9/BkPHjxIXwCC+xB0EmaTGa+r51OEDGqtG1/WrmFxaXllfxqYW19Y3OruL1zp8JYYtLAIQtlK0CKMCpIQ1PNSCuSBPGAkWYwuB77zSGRiobiVo8i4nHUE7RLMdJG8ov7wk9qKXQV5dCB7lHiSg4xv0+OT9PUL5bsij0B/EucjJRAhrpf/HY7IY45ERozpFTbsSPtJUhqihlJC2U3ViRCeIB6pG2oQJwoL5l8I4Vlo3RgN5TmCA0nauHXRoK4UiMemEmOdF/Ne2PxP68d6+6Fl1ARxZoIPH2oGzOoQzjuBHaoJFizkSEIS2rCQtxHEmFtmpu5qTOkkcpSP0xjm5Kc+Ur+ksZJ5bLi3JyVqldZW3mwBw7AIXDAOaiCGqiDBsDgETyDF/BqPVlv1rv1MR3NWdnOLpiB9fUDD8GlFg==</latexit><latexit sha1_base64="JoXHerrVvNLXmgtu0kmf0PeoI5A=">AAACJHicbVDNTgIxGOziH+If6lEPjYTEg5JdNVFvRC8cMREhYddNtxRoaLubtkskm734MnrV9/BkPHjxIXwCC+xB0EmaTGa+r51OEDGqtG1/WrmFxaXllfxqYW19Y3OruL1zp8JYYtLAIQtlK0CKMCpIQ1PNSCuSBPGAkWYwuB77zSGRiobiVo8i4nHUE7RLMdJG8ov7wk9qKXQV5dCB7lHiSg4xv0+OT9PUL5bsij0B/EucjJRAhrpf/HY7IY45ERozpFTbsSPtJUhqihlJC2U3ViRCeIB6pG2oQJwoL5l8I4Vlo3RgN5TmCA0nauHXRoK4UiMemEmOdF/Ne2PxP68d6+6Fl1ARxZoIPH2oGzOoQzjuBHaoJFizkSEIS2rCQtxHEmFtmpu5qTOkkcpSP0xjm5Kc+Ur+ksZJ5bLi3JyVqldZW3mwBw7AIXDAOaiCGqiDBsDgETyDF/BqPVlv1rv1MR3NWdnOLpiB9fUDD8GlFg==</latexit><latexit sha1_base64="JoXHerrVvNLXmgtu0kmf0PeoI5A=">AAACJHicbVDNTgIxGOziH+If6lEPjYTEg5JdNVFvRC8cMREhYddNtxRoaLubtkskm734MnrV9/BkPHjxIXwCC+xB0EmaTGa+r51OEDGqtG1/WrmFxaXllfxqYW19Y3OruL1zp8JYYtLAIQtlK0CKMCpIQ1PNSCuSBPGAkWYwuB77zSGRiobiVo8i4nHUE7RLMdJG8ov7wk9qKXQV5dCB7lHiSg4xv0+OT9PUL5bsij0B/EucjJRAhrpf/HY7IY45ERozpFTbsSPtJUhqihlJC2U3ViRCeIB6pG2oQJwoL5l8I4Vlo3RgN5TmCA0nauHXRoK4UiMemEmOdF/Ne2PxP68d6+6Fl1ARxZoIPH2oGzOoQzjuBHaoJFizkSEIS2rCQtxHEmFtmpu5qTOkkcpSP0xjm5Kc+Ur+ksZJ5bLi3JyVqldZW3mwBw7AIXDAOaiCGqiDBsDgETyDF/BqPVlv1rv1MR3NWdnOLpiB9fUDD8GlFg==</latexit>

n0 ⇠ 10�4nH
<latexit sha1_base64="S4qCkl2cyzu551p5FnKS2lzuGCc=">AAACHnicbVBPT8IwHO3wH+K/qYkXL42ExItkMyTqjeiFIyZOSGAuXddBQ9ctbUckkw+jV/0enoxX/Rp+AgvsIOBLmry89/u1r89PGJXKsr6Nwsrq2vpGcbO0tb2zu2fuH9zLOBWYODhmsWj7SBJGOXEUVYy0E0FQ5DPS8gc3E781JELSmN+pUULcCPU4DSlGSkueecQ9C3YljSC0rYfsrDaG3GtAzyxbVWsKuEzsnJRBjqZn/nSDGKcR4QozJGXHthLlZkgoihkZlyrdVJIE4QHqkY6mHEVEutn0A2NY0UoAw1jowxWcqqU/GxmKpBxFvp6MkOrLRW8i/ud1UhVeuhnlSaoIx7OHwpRBFcNJGzCggmDFRpogLKgOC3EfCYSV7mzupmBIE5mnfpzF1iXZi5UsE+e8elW1b2vl+nXeVhEcgxNwCmxwAeqgAZrAARg8gRfwCt6MZ+Pd+DA+Z6MFI985BHMwvn4Bs5ShpQ==</latexit><latexit sha1_base64="S4qCkl2cyzu551p5FnKS2lzuGCc=">AAACHnicbVBPT8IwHO3wH+K/qYkXL42ExItkMyTqjeiFIyZOSGAuXddBQ9ctbUckkw+jV/0enoxX/Rp+AgvsIOBLmry89/u1r89PGJXKsr6Nwsrq2vpGcbO0tb2zu2fuH9zLOBWYODhmsWj7SBJGOXEUVYy0E0FQ5DPS8gc3E781JELSmN+pUULcCPU4DSlGSkueecQ9C3YljSC0rYfsrDaG3GtAzyxbVWsKuEzsnJRBjqZn/nSDGKcR4QozJGXHthLlZkgoihkZlyrdVJIE4QHqkY6mHEVEutn0A2NY0UoAw1jowxWcqqU/GxmKpBxFvp6MkOrLRW8i/ud1UhVeuhnlSaoIx7OHwpRBFcNJGzCggmDFRpogLKgOC3EfCYSV7mzupmBIE5mnfpzF1iXZi5UsE+e8elW1b2vl+nXeVhEcgxNwCmxwAeqgAZrAARg8gRfwCt6MZ+Pd+DA+Z6MFI985BHMwvn4Bs5ShpQ==</latexit><latexit sha1_base64="S4qCkl2cyzu551p5FnKS2lzuGCc=">AAACHnicbVBPT8IwHO3wH+K/qYkXL42ExItkMyTqjeiFIyZOSGAuXddBQ9ctbUckkw+jV/0enoxX/Rp+AgvsIOBLmry89/u1r89PGJXKsr6Nwsrq2vpGcbO0tb2zu2fuH9zLOBWYODhmsWj7SBJGOXEUVYy0E0FQ5DPS8gc3E781JELSmN+pUULcCPU4DSlGSkueecQ9C3YljSC0rYfsrDaG3GtAzyxbVWsKuEzsnJRBjqZn/nSDGKcR4QozJGXHthLlZkgoihkZlyrdVJIE4QHqkY6mHEVEutn0A2NY0UoAw1jowxWcqqU/GxmKpBxFvp6MkOrLRW8i/ud1UhVeuhnlSaoIx7OHwpRBFcNJGzCggmDFRpogLKgOC3EfCYSV7mzupmBIE5mnfpzF1iXZi5UsE+e8elW1b2vl+nXeVhEcgxNwCmxwAeqgAZrAARg8gRfwCt6MZ+Pd+DA+Z6MFI985BHMwvn4Bs5ShpQ==</latexit><latexit sha1_base64="S4qCkl2cyzu551p5FnKS2lzuGCc=">AAACHnicbVBPT8IwHO3wH+K/qYkXL42ExItkMyTqjeiFIyZOSGAuXddBQ9ctbUckkw+jV/0enoxX/Rp+AgvsIOBLmry89/u1r89PGJXKsr6Nwsrq2vpGcbO0tb2zu2fuH9zLOBWYODhmsWj7SBJGOXEUVYy0E0FQ5DPS8gc3E781JELSmN+pUULcCPU4DSlGSkueecQ9C3YljSC0rYfsrDaG3GtAzyxbVWsKuEzsnJRBjqZn/nSDGKcR4QozJGXHthLlZkgoihkZlyrdVJIE4QHqkY6mHEVEutn0A2NY0UoAw1jowxWcqqU/GxmKpBxFvp6MkOrLRW8i/ud1UhVeuhnlSaoIx7OHwpRBFcNJGzCggmDFRpogLKgOC3EfCYSV7mzupmBIE5mnfpzF1iXZi5UsE+e8elW1b2vl+nXeVhEcgxNwCmxwAeqgAZrAARg8gRfwCt6MZ+Pd+DA+Z6MFI985BHMwvn4Bs5ShpQ==</latexit><latexit sha1_base64="S4qCkl2cyzu551p5FnKS2lzuGCc=">AAACHnicbVBPT8IwHO3wH+K/qYkXL42ExItkMyTqjeiFIyZOSGAuXddBQ9ctbUckkw+jV/0enoxX/Rp+AgvsIOBLmry89/u1r89PGJXKsr6Nwsrq2vpGcbO0tb2zu2fuH9zLOBWYODhmsWj7SBJGOXEUVYy0E0FQ5DPS8gc3E781JELSmN+pUULcCPU4DSlGSkueecQ9C3YljSC0rYfsrDaG3GtAzyxbVWsKuEzsnJRBjqZn/nSDGKcR4QozJGXHthLlZkgoihkZlyrdVJIE4QHqkY6mHEVEutn0A2NY0UoAw1jowxWcqqU/GxmKpBxFvp6MkOrLRW8i/ud1UhVeuhnlSaoIx7OHwpRBFcNJGzCggmDFRpogLKgOC3EfCYSV7mzupmBIE5mnfpzF1iXZi5UsE+e8elW1b2vl+nXeVhEcgxNwCmxwAeqgAZrAARg8gRfwCt6MZ+Pd+DA+Z6MFI985BHMwvn4Bs5ShpQ==</latexit>

⇠ 8⇥ 10�16 eV/cm3/sec
<latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit><latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit><latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit><latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit><latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit>

⇠ 10�27 erg/cm3/sec
<latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit><latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit><latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit><latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit><latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit>



For [C II] 158 μm

✓
dE

dV dt

◆

loss

' n0nc(�v)0!1!10
<latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit><latexit sha1_base64="MCDAeji7CAKzDYoJAssfuaMpovo="></latexit>

⇠ 8⇥ 10�16 eV/cm3/sec
<latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit><latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit><latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit><latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit><latexit sha1_base64="5tOu4AeBfe2LVpID/yosDOZ8KUU="></latexit>

⇠ 10�27 erg/cm3/sec
<latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit><latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit><latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit><latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit><latexit sha1_base64="Alo9WYE04wBENzje4VAj9tRj7us=">AAACKnicbVC9TsMwGHT4LeUvwMhiUSExQJsUJGCrYGEsEgGkJq0c92tr1U4i20FUUXdeBlZ4D6aKlSfgCXDbDBQ4ydLp7vvs84UJZ0o7zsiam19YXFourBRX19Y3Nu2t7VsVp5KCR2Mey/uQKOAsAk8zzeE+kUBEyOEu7F+O/bsHkIrF0Y0eJBAI0o1Yh1GijdSy93zFBHadZnZUPR1i/zDzpcAguxUqmscVBXTYsktO2ZkA/yVuTkooR71lf/ntmKYCIk05UarhOokOMiI1oxyGxX0/VZAQ2iddaBgaEQEqyCafGeJ9o7RxJ5bmRBpP1OKPjYwIpQYiNJOC6J767Y3F/7xGqjtnQcaiJNUQ0elDnZRjHeNxM7jNJFDNB4YQKpkJi2mPSEK16W/mpvYDS1Se+nEa25Tk/q7kL/Gq5fOye31Sql3kbRXQLtpDB8hFp6iGrlAdeYiiJ/SCXtGb9Wy9WyPrYzo6Z+U7O2gG1uc3zFem8w==</latexit>

Each C+ atom loses 

�E ⇠ 10�11 eV
<latexit sha1_base64="vqVwe7OBB1JRIWggxWe0NOAWWa8=">AAACKXicbVDLTgIxFO3gC/GFunRTJSQulMwYE3VHfCQuMZFHwiDplAs0tDOTtkMkE9b+jG71P1ypW//AL7DALAQ8SZOTc+5tT48Xcqa0bX9aqYXFpeWV9GpmbX1jcyu7vVNRQSQplGnAA1nziALOfChrpjnUQglEeByqXu9q5Ff7IBUL/Hs9CKEhSMdnbUaJNlIzu+9eA9cE32BXMYEd+yE+dpyhe4RjVwoMlWEzm7ML9hh4njgJyaEEpWb2x20FNBLga8qJUnXHDnUjJlIzymGYybuRgpDQHulA3VCfCFCNePyXIc4bpYXbgTTH13isZv5sxEQoNRCemRREd9WsNxL/8+qRbp83YuaHkQafTh5qRxzrAI+KwS0mgWo+MIRQyUxYTLtEEqpNfVM3tfosVEnqx0lsU5IzW8k8KZ8ULgrO3WmueJm0lUZ76AAdIgedoSK6RSVURhQ9oRf0it6sZ+vd+rC+JqMpK9nZRVOwvn8Ba22mMA==</latexit><latexit sha1_base64="vqVwe7OBB1JRIWggxWe0NOAWWa8=">AAACKXicbVDLTgIxFO3gC/GFunRTJSQulMwYE3VHfCQuMZFHwiDplAs0tDOTtkMkE9b+jG71P1ypW//AL7DALAQ8SZOTc+5tT48Xcqa0bX9aqYXFpeWV9GpmbX1jcyu7vVNRQSQplGnAA1nziALOfChrpjnUQglEeByqXu9q5Ff7IBUL/Hs9CKEhSMdnbUaJNlIzu+9eA9cE32BXMYEd+yE+dpyhe4RjVwoMlWEzm7ML9hh4njgJyaEEpWb2x20FNBLga8qJUnXHDnUjJlIzymGYybuRgpDQHulA3VCfCFCNePyXIc4bpYXbgTTH13isZv5sxEQoNRCemRREd9WsNxL/8+qRbp83YuaHkQafTh5qRxzrAI+KwS0mgWo+MIRQyUxYTLtEEqpNfVM3tfosVEnqx0lsU5IzW8k8KZ8ULgrO3WmueJm0lUZ76AAdIgedoSK6RSVURhQ9oRf0it6sZ+vd+rC+JqMpK9nZRVOwvn8Ba22mMA==</latexit><latexit sha1_base64="vqVwe7OBB1JRIWggxWe0NOAWWa8=">AAACKXicbVDLTgIxFO3gC/GFunRTJSQulMwYE3VHfCQuMZFHwiDplAs0tDOTtkMkE9b+jG71P1ypW//AL7DALAQ8SZOTc+5tT48Xcqa0bX9aqYXFpeWV9GpmbX1jcyu7vVNRQSQplGnAA1nziALOfChrpjnUQglEeByqXu9q5Ff7IBUL/Hs9CKEhSMdnbUaJNlIzu+9eA9cE32BXMYEd+yE+dpyhe4RjVwoMlWEzm7ML9hh4njgJyaEEpWb2x20FNBLga8qJUnXHDnUjJlIzymGYybuRgpDQHulA3VCfCFCNePyXIc4bpYXbgTTH13isZv5sxEQoNRCemRREd9WsNxL/8+qRbp83YuaHkQafTh5qRxzrAI+KwS0mgWo+MIRQyUxYTLtEEqpNfVM3tfosVEnqx0lsU5IzW8k8KZ8ULgrO3WmueJm0lUZ76AAdIgedoSK6RSVURhQ9oRf0it6sZ+vd+rC+JqMpK9nZRVOwvn8Ba22mMA==</latexit><latexit sha1_base64="vqVwe7OBB1JRIWggxWe0NOAWWa8=">AAACKXicbVDLTgIxFO3gC/GFunRTJSQulMwYE3VHfCQuMZFHwiDplAs0tDOTtkMkE9b+jG71P1ypW//AL7DALAQ8SZOTc+5tT48Xcqa0bX9aqYXFpeWV9GpmbX1jcyu7vVNRQSQplGnAA1nziALOfChrpjnUQglEeByqXu9q5Ff7IBUL/Hs9CKEhSMdnbUaJNlIzu+9eA9cE32BXMYEd+yE+dpyhe4RjVwoMlWEzm7ML9hh4njgJyaEEpWb2x20FNBLga8qJUnXHDnUjJlIzymGYybuRgpDQHulA3VCfCFCNePyXIc4bpYXbgTTH13isZv5sxEQoNRCemRREd9WsNxL/8+qRbp83YuaHkQafTh5qRxzrAI+KwS0mgWo+MIRQyUxYTLtEEqpNfVM3tfosVEnqx0lsU5IzW8k8KZ8ULgrO3WmueJm0lUZ76AAdIgedoSK6RSVURhQ9oRf0it6sZ+vd+rC+JqMpK9nZRVOwvn8Ba22mMA==</latexit><latexit sha1_base64="vqVwe7OBB1JRIWggxWe0NOAWWa8=">AAACKXicbVDLTgIxFO3gC/GFunRTJSQulMwYE3VHfCQuMZFHwiDplAs0tDOTtkMkE9b+jG71P1ypW//AL7DALAQ8SZOTc+5tT48Xcqa0bX9aqYXFpeWV9GpmbX1jcyu7vVNRQSQplGnAA1nziALOfChrpjnUQglEeByqXu9q5Ff7IBUL/Hs9CKEhSMdnbUaJNlIzu+9eA9cE32BXMYEd+yE+dpyhe4RjVwoMlWEzm7ML9hh4njgJyaEEpWb2x20FNBLga8qJUnXHDnUjJlIzymGYybuRgpDQHulA3VCfCFCNePyXIc4bpYXbgTTH13isZv5sxEQoNRCemRREd9WsNxL/8+qRbp83YuaHkQafTh5qRxzrAI+KwS0mgWo+MIRQyUxYTLtEEqpNfVM3tfosVEnqx0lsU5IzW8k8KZ8ULgrO3WmueJm0lUZ76AAdIgedoSK6RSVURhQ9oRf0it6sZ+vd+rC+JqMpK9nZRVOwvn8Ba22mMA==</latexit>

for a second due to the collision with atomic hydrogen



[C II] 158μm is one example

Including other elements … 



[Dalgarno & McCray 72]

line emissions
fine structure

+ bremsstrahlung
optical transition

Warm neutral gas



[HK 20]



We are interested in computing the gas cooling rate

dE

dtdV
= H� C

<latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit>

what contributes to it ?

for warm neutral medium

metal line emissions, mostly from C+, Si+, and O



what contributes to the heating rate ?

dE

dtdV
= H� C

<latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit><latexit sha1_base64="W5HxquRKOWLRme5c25yWefrOkco=">AAACMHicbVDNSgMxGMzWv1r/Vj16CZZCL5ZdEdSDUCxCjxXcttBdSjabbUOzPyTZYln2FXwZvep79CRePfoEpu0ebOtAYJj5vmQybsyokIYx1Qobm1vbO8Xd0t7+weGRfnzSFlHCMbFwxCLedZEgjIbEklQy0o05QYHLSMcdNWZ+Z0y4oFH4JCcxcQI0CKlPMZJK6utV2+cIpx58yFJPQq+dQXgHUxsjBpsZvMhpI+vrZaNmzAHXiZmTMsjR6us/thfhJCChxAwJ0TONWDop4pJiRrJSxU4EiREeoQHpKRqigAgnnX8pgxWleNCPuDqhhHO19GcjRYEQk8BVkwGSQ7HqzcT/vF4i/RsnpWGcSBLixUN+wqCM4Kwf6FFOsGQTRRDmVIWFeIhUR1K1uHSTN6axyFM/L2KrkszVStaJdVm7rZmPV+X6fd5WEZyBc1AFJrgGddAELWABDF7AG3gHH9qrNtU+ta/FaEHLd07BErTvX0PmqSo=</latexit>

Cosmic ray, UV photons, and many others

We will only consider PBH contribution



electrons from PBH deposit their energy as heat
through Coulomb interaction

e±
<latexit sha1_base64="UnVPO1Ej1p4z3gGGP+OLRx+bQXU=">AAACDXicbVDNTgIxGPzWX8Q/1KOXjYTEE9k1JuqN6MUjJq6QwEq63QINbbdpu0Sy4R30qu/hyXj1GXwNn8ACexBwkiaTme9rpxNJRrXxvG9nZXVtfWOzsFXc3tnd2y8dHD7oJFWYBDhhiWpGSBNGBQkMNYw0pSKIR4w0osHNxG8MidI0EfdmJEnIUU/QLsXIWKlBHrO25ONOqexVvSncZeLnpAw56p3STztOcMqJMJghrVu+J02YIWUoZmRcrLRTTSTCA9QjLUsF4kSH2TTv2K1YJXa7ibJHGHeqFv9sZIhrPeKRneTI9PWiNxH/81qp6V6GGRUyNUTg2UPdlLkmcSefd2OqCDZsZAnCitqwLu4jhbCxFc3dFA+p1Hnqp1lsW5K/WMkyCc6qV1X/7rxcu87bKsAxnMAp+HABNbiFOgSAYQAv8ApvzrPz7nw4n7PRFSffOYI5OF+/GqqdYw==</latexit><latexit sha1_base64="UnVPO1Ej1p4z3gGGP+OLRx+bQXU=">AAACDXicbVDNTgIxGPzWX8Q/1KOXjYTEE9k1JuqN6MUjJq6QwEq63QINbbdpu0Sy4R30qu/hyXj1GXwNn8ACexBwkiaTme9rpxNJRrXxvG9nZXVtfWOzsFXc3tnd2y8dHD7oJFWYBDhhiWpGSBNGBQkMNYw0pSKIR4w0osHNxG8MidI0EfdmJEnIUU/QLsXIWKlBHrO25ONOqexVvSncZeLnpAw56p3STztOcMqJMJghrVu+J02YIWUoZmRcrLRTTSTCA9QjLUsF4kSH2TTv2K1YJXa7ibJHGHeqFv9sZIhrPeKRneTI9PWiNxH/81qp6V6GGRUyNUTg2UPdlLkmcSefd2OqCDZsZAnCitqwLu4jhbCxFc3dFA+p1Hnqp1lsW5K/WMkyCc6qV1X/7rxcu87bKsAxnMAp+HABNbiFOgSAYQAv8ApvzrPz7nw4n7PRFSffOYI5OF+/GqqdYw==</latexit><latexit sha1_base64="UnVPO1Ej1p4z3gGGP+OLRx+bQXU=">AAACDXicbVDNTgIxGPzWX8Q/1KOXjYTEE9k1JuqN6MUjJq6QwEq63QINbbdpu0Sy4R30qu/hyXj1GXwNn8ACexBwkiaTme9rpxNJRrXxvG9nZXVtfWOzsFXc3tnd2y8dHD7oJFWYBDhhiWpGSBNGBQkMNYw0pSKIR4w0osHNxG8MidI0EfdmJEnIUU/QLsXIWKlBHrO25ONOqexVvSncZeLnpAw56p3STztOcMqJMJghrVu+J02YIWUoZmRcrLRTTSTCA9QjLUsF4kSH2TTv2K1YJXa7ibJHGHeqFv9sZIhrPeKRneTI9PWiNxH/81qp6V6GGRUyNUTg2UPdlLkmcSefd2OqCDZsZAnCitqwLu4jhbCxFc3dFA+p1Hnqp1lsW5K/WMkyCc6qV1X/7rxcu87bKsAxnMAp+HABNbiFOgSAYQAv8ApvzrPz7nw4n7PRFSffOYI5OF+/GqqdYw==</latexit><latexit sha1_base64="UnVPO1Ej1p4z3gGGP+OLRx+bQXU=">AAACDXicbVDNTgIxGPzWX8Q/1KOXjYTEE9k1JuqN6MUjJq6QwEq63QINbbdpu0Sy4R30qu/hyXj1GXwNn8ACexBwkiaTme9rpxNJRrXxvG9nZXVtfWOzsFXc3tnd2y8dHD7oJFWYBDhhiWpGSBNGBQkMNYw0pSKIR4w0osHNxG8MidI0EfdmJEnIUU/QLsXIWKlBHrO25ONOqexVvSncZeLnpAw56p3STztOcMqJMJghrVu+J02YIWUoZmRcrLRTTSTCA9QjLUsF4kSH2TTv2K1YJXa7ibJHGHeqFv9sZIhrPeKRneTI9PWiNxH/81qp6V6GGRUyNUTg2UPdlLkmcSefd2OqCDZsZAnCitqwLu4jhbCxFc3dFA+p1Hnqp1lsW5K/WMkyCc6qV1X/7rxcu87bKsAxnMAp+HABNbiFOgSAYQAv8ApvzrPz7nw4n7PRFSffOYI5OF+/GqqdYw==</latexit><latexit sha1_base64="UnVPO1Ej1p4z3gGGP+OLRx+bQXU=">AAACDXicbVDNTgIxGPzWX8Q/1KOXjYTEE9k1JuqN6MUjJq6QwEq63QINbbdpu0Sy4R30qu/hyXj1GXwNn8ACexBwkiaTme9rpxNJRrXxvG9nZXVtfWOzsFXc3tnd2y8dHD7oJFWYBDhhiWpGSBNGBQkMNYw0pSKIR4w0osHNxG8MidI0EfdmJEnIUU/QLsXIWKlBHrO25ONOqexVvSncZeLnpAw56p3STztOcMqJMJghrVu+J02YIWUoZmRcrLRTTSTCA9QjLUsF4kSH2TTv2K1YJXa7ibJHGHeqFv9sZIhrPeKRneTI9PWiNxH/81qp6V6GGRUyNUTg2UPdlLkmcSefd2OqCDZsZAnCitqwLu4jhbCxFc3dFA+p1Hnqp1lsW5K/WMkyCc6qV1X/7rxcu87bKsAxnMAp+HABNbiFOgSAYQAv8ApvzrPz7nw4n7PRFSffOYI5OF+/GqqdYw==</latexit>



number of particles emitted per unit time

dṄ =
(�v)abs
e!/T ± 1

d3k

(2⇡)3
<latexit sha1_base64="Ix6AP9E6wkfvE4UX4rNVS57YPOc="></latexit><latexit sha1_base64="Ix6AP9E6wkfvE4UX4rNVS57YPOc="></latexit><latexit sha1_base64="Ix6AP9E6wkfvE4UX4rNVS57YPOc="></latexit><latexit sha1_base64="Ix6AP9E6wkfvE4UX4rNVS57YPOc="></latexit><latexit sha1_base64="Ix6AP9E6wkfvE4UX4rNVS57YPOc="></latexit>



heating rate is

kinetic energy

a heat deposition fraction

HBH = ndm

Z
d!(! �me)fheat(!)

dṄ

d!
<latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit>



classical black holes can be described by a thermal system

with (approximate) black body spectrum

⇠ (⇢dm/MBH)f̄heatPe±
<latexit sha1_base64="iNEgHE0XLM2LYmFlbROsu9h/NPM="></latexit><latexit sha1_base64="iNEgHE0XLM2LYmFlbROsu9h/NPM="></latexit><latexit sha1_base64="iNEgHE0XLM2LYmFlbROsu9h/NPM="></latexit><latexit sha1_base64="iNEgHE0XLM2LYmFlbROsu9h/NPM="></latexit><latexit sha1_base64="iNEgHE0XLM2LYmFlbROsu9h/NPM="></latexit>

⇠ 10�26 erg/cm3/sec
<latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit><latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit><latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit><latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit><latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit>

for 10% heat deposition efficiency and MBH = 10�17M�
<latexit sha1_base64="4vWcakNurrsVOh8lg3iwIbVAxcA=">AAACJXicbVDNSgMxGMzWv1r/qh5FCJaCF8uuCNWDUOqll0IFawvddclm0zY0u1mSbLEsPfkyetX38CSCJ9/BJzBt92BbBwLDzPclk/EiRqUyzS8js7K6tr6R3cxtbe/s7uX3D+4ljwUmTcwZF20PScJoSJqKKkbakSAo8BhpeYObid8aEiEpD+/UKCJOgHoh7VKMlJbc/HHdTWwRwGptDK+hZT4kZ1Z5DOuuzX2u3HzBLJlTwGVipaQAUjTc/I/tcxwHJFSYISk7lhkpJ0FCUczIOFe0Y0kihAeoRzqahigg0kmm/xjDolZ82OVCn1DBqZr7s5GgQMpR4OnJAKm+XPQm4n9eJ1bdSyehYRQrEuLZQ92YQcXhpBToU0GwYiNNEBZUh4W4jwTCSlc3d5M/pJFMUz/OYuuSrMVKlknzvHRVsm4vCpVq2lYWHIETcAosUAYVUAMN0AQYPIEX8ArejGfj3fgwPmejGSPdOQRzML5/AXNppKw=</latexit><latexit sha1_base64="4vWcakNurrsVOh8lg3iwIbVAxcA=">AAACJXicbVDNSgMxGMzWv1r/qh5FCJaCF8uuCNWDUOqll0IFawvddclm0zY0u1mSbLEsPfkyetX38CSCJ9/BJzBt92BbBwLDzPclk/EiRqUyzS8js7K6tr6R3cxtbe/s7uX3D+4ljwUmTcwZF20PScJoSJqKKkbakSAo8BhpeYObid8aEiEpD+/UKCJOgHoh7VKMlJbc/HHdTWwRwGptDK+hZT4kZ1Z5DOuuzX2u3HzBLJlTwGVipaQAUjTc/I/tcxwHJFSYISk7lhkpJ0FCUczIOFe0Y0kihAeoRzqahigg0kmm/xjDolZ82OVCn1DBqZr7s5GgQMpR4OnJAKm+XPQm4n9eJ1bdSyehYRQrEuLZQ92YQcXhpBToU0GwYiNNEBZUh4W4jwTCSlc3d5M/pJFMUz/OYuuSrMVKlknzvHRVsm4vCpVq2lYWHIETcAosUAYVUAMN0AQYPIEX8ArejGfj3fgwPmejGSPdOQRzML5/AXNppKw=</latexit><latexit sha1_base64="4vWcakNurrsVOh8lg3iwIbVAxcA=">AAACJXicbVDNSgMxGMzWv1r/qh5FCJaCF8uuCNWDUOqll0IFawvddclm0zY0u1mSbLEsPfkyetX38CSCJ9/BJzBt92BbBwLDzPclk/EiRqUyzS8js7K6tr6R3cxtbe/s7uX3D+4ljwUmTcwZF20PScJoSJqKKkbakSAo8BhpeYObid8aEiEpD+/UKCJOgHoh7VKMlJbc/HHdTWwRwGptDK+hZT4kZ1Z5DOuuzX2u3HzBLJlTwGVipaQAUjTc/I/tcxwHJFSYISk7lhkpJ0FCUczIOFe0Y0kihAeoRzqahigg0kmm/xjDolZ82OVCn1DBqZr7s5GgQMpR4OnJAKm+XPQm4n9eJ1bdSyehYRQrEuLZQ92YQcXhpBToU0GwYiNNEBZUh4W4jwTCSlc3d5M/pJFMUz/OYuuSrMVKlknzvHRVsm4vCpVq2lYWHIETcAosUAYVUAMN0AQYPIEX8ArejGfj3fgwPmejGSPdOQRzML5/AXNppKw=</latexit><latexit sha1_base64="4vWcakNurrsVOh8lg3iwIbVAxcA=">AAACJXicbVDNSgMxGMzWv1r/qh5FCJaCF8uuCNWDUOqll0IFawvddclm0zY0u1mSbLEsPfkyetX38CSCJ9/BJzBt92BbBwLDzPclk/EiRqUyzS8js7K6tr6R3cxtbe/s7uX3D+4ljwUmTcwZF20PScJoSJqKKkbakSAo8BhpeYObid8aEiEpD+/UKCJOgHoh7VKMlJbc/HHdTWwRwGptDK+hZT4kZ1Z5DOuuzX2u3HzBLJlTwGVipaQAUjTc/I/tcxwHJFSYISk7lhkpJ0FCUczIOFe0Y0kihAeoRzqahigg0kmm/xjDolZ82OVCn1DBqZr7s5GgQMpR4OnJAKm+XPQm4n9eJ1bdSyehYRQrEuLZQ92YQcXhpBToU0GwYiNNEBZUh4W4jwTCSlc3d5M/pJFMUz/OYuuSrMVKlknzvHRVsm4vCpVq2lYWHIETcAosUAYVUAMN0AQYPIEX8ArejGfj3fgwPmejGSPdOQRzML5/AXNppKw=</latexit><latexit sha1_base64="4vWcakNurrsVOh8lg3iwIbVAxcA=">AAACJXicbVDNSgMxGMzWv1r/qh5FCJaCF8uuCNWDUOqll0IFawvddclm0zY0u1mSbLEsPfkyetX38CSCJ9/BJzBt92BbBwLDzPclk/EiRqUyzS8js7K6tr6R3cxtbe/s7uX3D+4ljwUmTcwZF20PScJoSJqKKkbakSAo8BhpeYObid8aEiEpD+/UKCJOgHoh7VKMlJbc/HHdTWwRwGptDK+hZT4kZ1Z5DOuuzX2u3HzBLJlTwGVipaQAUjTc/I/tcxwHJFSYISk7lhkpJ0FCUczIOFe0Y0kihAeoRzqahigg0kmm/xjDolZ82OVCn1DBqZr7s5GgQMpR4OnJAKm+XPQm4n9eJ1bdSyehYRQrEuLZQ92YQcXhpBToU0GwYiNNEBZUh4W4jwTCSlc3d5M/pJFMUz/OYuuSrMVKlknzvHRVsm4vCpVq2lYWHIETcAosUAYVUAMN0AQYPIEX8ArejGfj3fgwPmejGSPdOQRzML5/AXNppKw=</latexit>

HBH = ndm

Z
d!(! �me)fheat(!)

dṄ

d!
<latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit>



HBH =

Z
d!(! �me)fheat(!)

dṅ

d!
<latexit sha1_base64="BituQ1TelWjjKsIcmGHvFgIrqbc="></latexit><latexit sha1_base64="BituQ1TelWjjKsIcmGHvFgIrqbc="></latexit><latexit sha1_base64="BituQ1TelWjjKsIcmGHvFgIrqbc="></latexit><latexit sha1_base64="BituQ1TelWjjKsIcmGHvFgIrqbc="></latexit><latexit sha1_base64="BituQ1TelWjjKsIcmGHvFgIrqbc="></latexit>

⇠ 10�26 erg/cm3/sec
<latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit><latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit><latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit><latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit><latexit sha1_base64="VtBm4PpD5+Hst6luQ+f6A9ML3zM=">AAACKnicbVDLTgIxFO34RHyNunTTSExcKMyg8bEjunGpiSgJM5BOuUBDOzNpO0QyYe/P6Fb/w5Vx6xf4BRaYhYInaXJyzr3t6QlizpR2nA9rbn5hcWk5t5JfXVvf2LS3tu9VlEgKVRrxSNYCooCzEKqaaQ61WAIRAYeHoHc18h/6IBWLwjs9iMEXpBOyNqNEG6lp73mKCew6jfSofDrE3mHqSYFBdkpUNI5LCuiwaRecojMGniVuRgoow03T/vZaEU0EhJpyolTddWLtp0RqRjkM8/teoiAmtEc6UDc0JAKUn44/M8T7RmnhdiTNCTUeq/lfGykRSg1EYCYF0V017Y3E/7x6otvnfsrCONEQ0slD7YRjHeFRM7jFJFDNB4YQKpkJi2mXSEK16e/PTa0+i1WW+nES25TkTlcyS6rl4kXRvT0pVC6ztnJoF+2hA+SiM1RB1+gGVRFFT+gFvaI369l6tz6sz8nonJXt7KA/sL5+AMqepvI=</latexit>

comparing this order-of-magnitude estimation with cooling rate

C ' n0nc(�v)0!1!10 ⇠ 10�27 erg/cm3/sec
<latexit sha1_base64="XJ2CfwTy6fFzrhEIL8pB2JJu12o="></latexit><latexit sha1_base64="XJ2CfwTy6fFzrhEIL8pB2JJu12o="></latexit><latexit sha1_base64="XJ2CfwTy6fFzrhEIL8pB2JJu12o="></latexit><latexit sha1_base64="XJ2CfwTy6fFzrhEIL8pB2JJu12o="></latexit><latexit sha1_base64="XJ2CfwTy6fFzrhEIL8pB2JJu12o="></latexit>

we already see the heating from PBH would increase gas temperature



Let us apply the discussion to a specific system:

the dwarf galaxy Leo T



Leo T is

located 420 kpc away from us

gas-rich system

hosting warm HI gas

low metallicity 

(ultrafaint) dwarf galaxy



To compute the heating

HBH = ndm

Z
d!(! �me)fheat(!)

dṄ

d!
<latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit><latexit sha1_base64="2LjI/svVlEfq+PuS8+MvvdtapH4="></latexit>

C ' n0nc(�v)0!1!10
<latexit sha1_base64="X9Ao3z/wf3WQGDOSNALpCJYa1MY="></latexit><latexit sha1_base64="X9Ao3z/wf3WQGDOSNALpCJYa1MY="></latexit><latexit sha1_base64="X9Ao3z/wf3WQGDOSNALpCJYa1MY="></latexit><latexit sha1_base64="X9Ao3z/wf3WQGDOSNALpCJYa1MY="></latexit><latexit sha1_base64="X9Ao3z/wf3WQGDOSNALpCJYa1MY="></latexit>

To compute the cooling



HI column density

[Ryan-Weber et al 08]



[Ryan-Weber et al 08]

Warm component  (~6000 K)

Cold component  (~500 K)



[Wadekar and Farrar 19]
[Faerman, Sternberg, and McKee 13]

HI gas

Ionized



10-18 10-17 10-1610-32
10-30
10-28
10-26
10-24

Heating rate from PBHs
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⇠ (⇢

dm/M
BH )P

e±
/ M �

3
BH

<latexit sha1_base64="BejtafXIVLVPSxETYl0IT+Sm994="></latexit><latexit sha1_base64="BejtafXIVLVPSxETYl0IT+Sm994="></latexit><latexit sha1_base64="BejtafXIVLVPSxETYl0IT+Sm994="></latexit><latexit sha1_base64="BejtafXIVLVPSxETYl0IT+Sm994="></latexit><latexit sha1_base64="BejtafXIVLVPSxETYl0IT+Sm994="></latexit>



Cooling rate can be computed in a similar way

[Fe/H] = �1.74
<latexit sha1_base64="8wqzrXrvM2ChSaJXmgowCFTGLhU=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFN8ZECtWFUBSkywrGFtJQJpNJO3TyYGZSrKHfolv9D1fiVvA3/AKnbRa2emDgcM69dw7HSxgV0jS/tMLS8srqWnG9tLG5tb2j7+7dizjlmNg4ZjFve0gQRiNiSyoZaSecoNBjpOUNrid+a0i4oHF0J0cJcUPUi2hAMZJK6uoHTtbhIbwhp42xCy/hiWXUql29bBrmFPAvsXJSBjmaXf2748c4DUkkMUNCOJaZSDdDXFLMyLhU6aSCJAgPUI84ikYoJMLNpvHHsKIUHwYxVy+ScKqWfm1kKBRiFHpqMkSyLxa9ifif56QyOHczGiWpJBGefRSkDMoYTrqAPuUESzZSBGFOVViI+4gjLFVjc5f8IU1EnvphFluVZC1W8pfYZ8aFYd1Wy/WrvK0iOARH4BhYoAbqoAGawAYYPIJn8AJetSftTXvXPmajBS3f2Qdz0D5/ABAjoMM=</latexit><latexit sha1_base64="8wqzrXrvM2ChSaJXmgowCFTGLhU=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFN8ZECtWFUBSkywrGFtJQJpNJO3TyYGZSrKHfolv9D1fiVvA3/AKnbRa2emDgcM69dw7HSxgV0jS/tMLS8srqWnG9tLG5tb2j7+7dizjlmNg4ZjFve0gQRiNiSyoZaSecoNBjpOUNrid+a0i4oHF0J0cJcUPUi2hAMZJK6uoHTtbhIbwhp42xCy/hiWXUql29bBrmFPAvsXJSBjmaXf2748c4DUkkMUNCOJaZSDdDXFLMyLhU6aSCJAgPUI84ikYoJMLNpvHHsKIUHwYxVy+ScKqWfm1kKBRiFHpqMkSyLxa9ifif56QyOHczGiWpJBGefRSkDMoYTrqAPuUESzZSBGFOVViI+4gjLFVjc5f8IU1EnvphFluVZC1W8pfYZ8aFYd1Wy/WrvK0iOARH4BhYoAbqoAGawAYYPIJn8AJetSftTXvXPmajBS3f2Qdz0D5/ABAjoMM=</latexit><latexit sha1_base64="8wqzrXrvM2ChSaJXmgowCFTGLhU=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFN8ZECtWFUBSkywrGFtJQJpNJO3TyYGZSrKHfolv9D1fiVvA3/AKnbRa2emDgcM69dw7HSxgV0jS/tMLS8srqWnG9tLG5tb2j7+7dizjlmNg4ZjFve0gQRiNiSyoZaSecoNBjpOUNrid+a0i4oHF0J0cJcUPUi2hAMZJK6uoHTtbhIbwhp42xCy/hiWXUql29bBrmFPAvsXJSBjmaXf2748c4DUkkMUNCOJaZSDdDXFLMyLhU6aSCJAgPUI84ikYoJMLNpvHHsKIUHwYxVy+ScKqWfm1kKBRiFHpqMkSyLxa9ifif56QyOHczGiWpJBGefRSkDMoYTrqAPuUESzZSBGFOVViI+4gjLFVjc5f8IU1EnvphFluVZC1W8pfYZ8aFYd1Wy/WrvK0iOARH4BhYoAbqoAGawAYYPIJn8AJetSftTXvXPmajBS3f2Qdz0D5/ABAjoMM=</latexit><latexit sha1_base64="8wqzrXrvM2ChSaJXmgowCFTGLhU=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFN8ZECtWFUBSkywrGFtJQJpNJO3TyYGZSrKHfolv9D1fiVvA3/AKnbRa2emDgcM69dw7HSxgV0jS/tMLS8srqWnG9tLG5tb2j7+7dizjlmNg4ZjFve0gQRiNiSyoZaSecoNBjpOUNrid+a0i4oHF0J0cJcUPUi2hAMZJK6uoHTtbhIbwhp42xCy/hiWXUql29bBrmFPAvsXJSBjmaXf2748c4DUkkMUNCOJaZSDdDXFLMyLhU6aSCJAgPUI84ikYoJMLNpvHHsKIUHwYxVy+ScKqWfm1kKBRiFHpqMkSyLxa9ifif56QyOHczGiWpJBGefRSkDMoYTrqAPuUESzZSBGFOVViI+4gjLFVjc5f8IU1EnvphFluVZC1W8pfYZ8aFYd1Wy/WrvK0iOARH4BhYoAbqoAGawAYYPIJn8AJetSftTXvXPmajBS3f2Qdz0D5/ABAjoMM=</latexit><latexit sha1_base64="8wqzrXrvM2ChSaJXmgowCFTGLhU=">AAACHHicbVDLSsNAFJ3UV62v+Ni5GSwFN8ZECtWFUBSkywrGFtJQJpNJO3TyYGZSrKHfolv9D1fiVvA3/AKnbRa2emDgcM69dw7HSxgV0jS/tMLS8srqWnG9tLG5tb2j7+7dizjlmNg4ZjFve0gQRiNiSyoZaSecoNBjpOUNrid+a0i4oHF0J0cJcUPUi2hAMZJK6uoHTtbhIbwhp42xCy/hiWXUql29bBrmFPAvsXJSBjmaXf2748c4DUkkMUNCOJaZSDdDXFLMyLhU6aSCJAgPUI84ikYoJMLNpvHHsKIUHwYxVy+ScKqWfm1kKBRiFHpqMkSyLxa9ifif56QyOHczGiWpJBGefRSkDMoYTrqAPuUESzZSBGFOVViI+4gjLFVjc5f8IU1EnvphFluVZC1W8pfYZ8aFYd1Wy/WrvK0iOARH4BhYoAbqoAGawAYYPIJn8AJetSftTXvXPmajBS3f2Qdz0D5/ABAjoMM=</latexit>

Leo T is metal poor galaxy

metal cooling rate is suppressed by ⇠ 10[Fe/H]
<latexit sha1_base64="vh2QgHtQToas7wBl20SdGeRBSuY=">AAACHnicbVBPS8MwHE3nvzn/VQUvXoJj4Gm2Iqi3oSA7TnBu0NaRZukWlrQlSYej9sPoVb+HJ/GqX8NPYLb14DYfBB7v/X7Jy/NjRqWyrG+jsLS8srpWXC9tbG5t75i7e/cySgQmTRyxSLR9JAmjIWkqqhhpx4Ig7jPS8gfXY781JELSKLxTo5h4HPVCGlCMlJY65oErKYe29ZA6qSs4vCEndS/LOmbZqloTwEVi56QMcjQ65o/bjXDCSagwQ1I6thUrL0VCUcxIVqq4iSQxwgPUI46mIeJEeunkAxmsaKULg0joEyo4UUt/NlLEpRxxX09ypPpy3huL/3lOooILL6VhnCgS4ulDQcKgiuC4DdilgmDFRpogLKgOC3EfCYSV7mzmpu6QxjJP/TiNrUuy5ytZJM3T6mXVvj0r167ytorgEByBY2CDc1ADddAATYDBE3gBr+DNeDbejQ/jczpaMPKdfTAD4+sXvzei3w==</latexit><latexit sha1_base64="vh2QgHtQToas7wBl20SdGeRBSuY=">AAACHnicbVBPS8MwHE3nvzn/VQUvXoJj4Gm2Iqi3oSA7TnBu0NaRZukWlrQlSYej9sPoVb+HJ/GqX8NPYLb14DYfBB7v/X7Jy/NjRqWyrG+jsLS8srpWXC9tbG5t75i7e/cySgQmTRyxSLR9JAmjIWkqqhhpx4Ig7jPS8gfXY781JELSKLxTo5h4HPVCGlCMlJY65oErKYe29ZA6qSs4vCEndS/LOmbZqloTwEVi56QMcjQ65o/bjXDCSagwQ1I6thUrL0VCUcxIVqq4iSQxwgPUI46mIeJEeunkAxmsaKULg0joEyo4UUt/NlLEpRxxX09ypPpy3huL/3lOooILL6VhnCgS4ulDQcKgiuC4DdilgmDFRpogLKgOC3EfCYSV7mzmpu6QxjJP/TiNrUuy5ytZJM3T6mXVvj0r167ytorgEByBY2CDc1ADddAATYDBE3gBr+DNeDbejQ/jczpaMPKdfTAD4+sXvzei3w==</latexit><latexit sha1_base64="vh2QgHtQToas7wBl20SdGeRBSuY=">AAACHnicbVBPS8MwHE3nvzn/VQUvXoJj4Gm2Iqi3oSA7TnBu0NaRZukWlrQlSYej9sPoVb+HJ/GqX8NPYLb14DYfBB7v/X7Jy/NjRqWyrG+jsLS8srpWXC9tbG5t75i7e/cySgQmTRyxSLR9JAmjIWkqqhhpx4Ig7jPS8gfXY781JELSKLxTo5h4HPVCGlCMlJY65oErKYe29ZA6qSs4vCEndS/LOmbZqloTwEVi56QMcjQ65o/bjXDCSagwQ1I6thUrL0VCUcxIVqq4iSQxwgPUI46mIeJEeunkAxmsaKULg0joEyo4UUt/NlLEpRxxX09ypPpy3huL/3lOooILL6VhnCgS4ulDQcKgiuC4DdilgmDFRpogLKgOC3EfCYSV7mzmpu6QxjJP/TiNrUuy5ytZJM3T6mXVvj0r167ytorgEByBY2CDc1ADddAATYDBE3gBr+DNeDbejQ/jczpaMPKdfTAD4+sXvzei3w==</latexit><latexit sha1_base64="vh2QgHtQToas7wBl20SdGeRBSuY=">AAACHnicbVBPS8MwHE3nvzn/VQUvXoJj4Gm2Iqi3oSA7TnBu0NaRZukWlrQlSYej9sPoVb+HJ/GqX8NPYLb14DYfBB7v/X7Jy/NjRqWyrG+jsLS8srpWXC9tbG5t75i7e/cySgQmTRyxSLR9JAmjIWkqqhhpx4Ig7jPS8gfXY781JELSKLxTo5h4HPVCGlCMlJY65oErKYe29ZA6qSs4vCEndS/LOmbZqloTwEVi56QMcjQ65o/bjXDCSagwQ1I6thUrL0VCUcxIVqq4iSQxwgPUI46mIeJEeunkAxmsaKULg0joEyo4UUt/NlLEpRxxX09ypPpy3huL/3lOooILL6VhnCgS4ulDQcKgiuC4DdilgmDFRpogLKgOC3EfCYSV7mzmpu6QxjJP/TiNrUuy5ytZJM3T6mXVvj0r167ytorgEByBY2CDc1ADddAATYDBE3gBr+DNeDbejQ/jczpaMPKdfTAD4+sXvzei3w==</latexit><latexit sha1_base64="vh2QgHtQToas7wBl20SdGeRBSuY=">AAACHnicbVBPS8MwHE3nvzn/VQUvXoJj4Gm2Iqi3oSA7TnBu0NaRZukWlrQlSYej9sPoVb+HJ/GqX8NPYLb14DYfBB7v/X7Jy/NjRqWyrG+jsLS8srpWXC9tbG5t75i7e/cySgQmTRyxSLR9JAmjIWkqqhhpx4Ig7jPS8gfXY781JELSKLxTo5h4HPVCGlCMlJY65oErKYe29ZA6qSs4vCEndS/LOmbZqloTwEVi56QMcjQ65o/bjXDCSagwQ1I6thUrL0VCUcxIVqq4iSQxwgPUI46mIeJEeunkAxmsaKULg0joEyo4UUt/NlLEpRxxX09ypPpy3huL/3lOooILL6VhnCgS4ulDQcKgiuC4DdilgmDFRpogLKgOC3EfCYSV7mzmpu6QxjJP/TiNrUuy5ytZJM3T6mXVvj0r167ytorgEByBY2CDc1ADddAATYDBE3gBr+DNeDbejQ/jczpaMPKdfTAD4+sXvzei3w==</latexit>

[Kirby et al 13]



[HK 20]

[Laha, M
unoz, S
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 20]
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• interstellar medium has a potential for DM searches

• Leo T hosts warm HI gas, while metal abundance is low

• this allows us to place additional constrain on PBH abundance

• other applications also exist

DM elastic scatterings [Bhoonah et al 18, Wadekar and Farrar 19]

Gas accretion around solar mass BH [Lu et al 20]
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Time scales


